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Abstract  
Gupta Shruti, M.S.Egr., Department of Biomedical, Industrial and Human Factors 
Engineering, Wright State University. 
Performance Analysis of Quantitative Bone Measurements with Spiral, Multi-
Detector CT Scanners.  
 
The measure of bone strength and fracture risk assessment is based primarily on 
bone mineral density (BMD). Computed tomography (CT), a frequently used radiographic 
technique that provides cross-sectional images, can be used for BMD quantification. Called 
quantitative computed tomography (QCT), it determines true volumetric density and also 
differentiates between trabecular and cortical bone. As a result, QCT improves the ability to 
detect early changes in trabecular BMD accurately and precisely.  
 
The introduction of helical CT for quantitative analysis introduces new complexities. 
Even though using multi-detector helical CT for BMD assessment is being suggested, a 
detailed analysis of its validity is missing from the literature. The current project exhaustively 
considers the various aspects of the problem. First, a detailed overview of the problems 
incurred while using multi-detector helical scanning for QCT is given and a suite of tests to 
evaluate MSCT machines is introduced. For this purpose a rod phantom was designed to 
mimic a patient, with various amounts of bone, and scans of the rod phantom along with the 
Mindways calibration phantom were taken using multi-detector spiral CT scanners from the 
 iv 
three major CT scanner manufacturers General Electric (GE), Siemens and Toshiba. 4-, 16- 
and 64-slice scanners were used for the study.  
 
Except for the 16/64 slice Siemens scanners, an underlying cyclic pattern was 
observed in the data collected using the remaining 4 scanners in this study. Depending on 
the interpolation algorithm, the frequency of this pattern was either equal to or half of the 
total number of detector arrays. The numbers for precision, in mg/cc, returned from this 
experiment were within the range of 0.0053 – 7.8121 mg/cc. Variations of the density with 
pitch were small and did not extend the precision range specified by the previous 
experiments.  
 
Spanning the entire allowable scan table length, a shift ranging from 0.0022 to 9.3 
HU and 0.0013 to 15.02 mg/cc was observed for the GE and Siemens CT scanners when 
transitioning to the table extension. For the Toshiba scanner, the shifts in the range of 61 to 
479 HU were reduced to 0.63 to 9.73 mg/cc after calibration. The table-height experiment 
revealed that the CT numbers and hence the calibrated densities are a function of the 
position of the object being scanned within the gantry. The change in the densities with table 
height is reduced after calibration, with the low-density ROIs being an exception. 
 
An averaging calibration method to take into account the cyclic repetition appears to 
be reasonable to allow for reduced errors using spiral CT for quantitative bone analysis. 
Even though the calibration method compensates for the variations because of table 
position and height, scanning close to the isocenter within the gantry and avoiding inclusion 
 v 
of the table extension in the scan field of view will be beneficial. Spiral CT can be used for 
quantitative purposes by carefully setting the scan protocol and applying proper corrections. 
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1. INTRODUCTION 
Bone mineral loss leading to osteoporosis and increased risk of fracture is a matter of 
concern worldwide. According to the NIH, osteoporosis is a health risk for around 44 
million Americans, 68% of who are women [1]. The statistics reveal that 1 out of every two 
women and one out of every four men over the age of 50 will have osteoporosis in their 
lifetime. Osteoporosis is responsible for more than 1.5 million fractures annually. Early 
diagnosis is thus the key to prevention and treatment of osteoporosis [1]. 
 
The diagnosis of osteoporosis and the assessment of fracture risk are based primarily 
on bone mineral density (BMD). Low bone mass and osteoporosis have been defined by the 
World Health Organization (WHO) on the basis of femoral or spinal measurements of bone 
density to facilitate screening and identification of individuals at risk [1]. BMD assessment is 
advantageous in identifying osteoporosis before a fracture occurs. 
 
Multiple techniques exist that can be used for BMD measurement. Single-  
photon absortiometry (SPA) and dual photon absorptiometry (DPA) are some of the earliest 
methods used for estimation of bone mineral content (BMC). Today, dual x-ray 
absorptiometry (DXA) is the most widely used technique for assessing BMD. DXA is a low-
dose two-dimensional procedure, which estimates the areal BMD (g/cm2). Computed 
Tomography (CT) is a frequently used radiographic technique that provides cross-sectional 
 2 
images fast and with sensitivity to small differences in density. Thus, using CT for BMD 
quantification is of great clinical significance.  
 
 QCT provides a 3-dimensional data set of attenuation coefficients which are 
calibrated against phantoms containing known concentrations of bone mineral equivalents. 
Thus, QCT determines volumetric density (g/cm3). Another advantage of QCT is that it has 
the capability of differentiating the trabecular bone from the cortical bone. As a result, QCT 
improves the ability to detect early changes in trabecular BMD with improved sensitivity. 
Volumetric BMD is independent of the bone size. However, errors in selecting appropriate 
regions of interest (ROIs), variations between scanners, artifacts and other measurement 
errors might lead to a reduced precision and accuracy. The total precision in BMD 
measurement expressed in terms of the coefficient of variation (CV) for QCT analysis is 
around 1.5% [2]. Other authors have also quoted a CV of 2.0 to 4.0% for single-slice QCT 
[3]. Mindways, Inc. quotes 1.4 mg/cc as their precision figure [4].  
 
The multi-slice spiral CT (MSCT) scanners have the capability of rapidly scanning a 
large longitudinal volume. MSCT scanners allow for efficient use of the x-ray tube because 
of simultaneous acquisition of data over multiple detector arrays. This means that larger 
bones can be imaged in less time with good image quality. Using MSCT for QCT purposes 
has thus become attractive for research.  
 
Even though the use of multi-detector helical CT has been suggested for quantitative 
bone assessment, a detailed analysis of its quantitative performance is missing from the 
literature. The aim of the current project is to give a detailed overview of the problems 
incurred while using multi-detector helical scanning for QCT and to introduce a suite of 
 3 
tests to evaluate MSCT machines. For this purpose a phantom needed to be designed to 
mimic a patient with various bone densities.  Measurements of the phantom on scanners 
from the three major CT scanner manufacturers, i.e., General Electric, Siemens and Toshiba, 
are expected to characterize the performance of the various scanners with respect to 
quantitative bone analysis.  
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2. BACKGROUND 
2.1 COMPUTED TOMOGRAPHY 
2.1.1 Principle 
Computed Tomography was the first radiologic imaging modality which provided 
digital images. Volume representation of objects being scanned became possible since 
discrete, single slices could now be obtained. Sir Godfrey Newbold Hounsfield produced the 
first commercial CT scanner in Hayes, United Kingdom, at the EMI Central Research 
Laboratory, in 1967 [5]. The invention of CT is considered to be the greatest innovation in 
the field of radiology since the discovery of x-rays and has become one of the most 
important methods of radiological diagnosis [6].  
 
Compared to conventional projection radiography, CT provides non-superimposed, 
cross-sectional images of the body with better contrast. The basic principle of CT allows the 
internal structure of an object to be reconstructed from multiple projections of the object. A 
two dimensional map of attenuation values is reconstructed from the dataset acquired by the 
detectors when the x-ray tube and detectors move around the patient. With the advent of 
new CT techniques, three dimensional reconstructions are also gaining popularity. 
 
The simplest measurement setup comprises a radiation source, which emits a pencil 
beam, and a detector which records the x-ray intensity attenuated by the object. For a given 
 5 
angular position, this source-detector arrangement is moved linearly while the attenuated x-
ray beam is measured. Attenuation profiles, also called projections, are obtained for 
successive angular positions over a span of 180°. The set of projections is then filtered and 
back projected to obtain the final image. This is called the 1st generation of CT scanners 
(Figure 1). 
 
Figure 1: Basic geometry of 1st generation CT scanner [7]. 
 
2.1.2 Fan-beam to Spiral Computed Tomography 
To speed up the scanning process, fan-beam geometry was introduced. In a fan 
beam scanner, the x-ray photons emitted by the focal spot of the x-ray tube are collimated 
into a thin fan-shaped beam, which is then attenuated by the object being scanned. This fan-
beam projection is recorded by a single row of detectors (Figure 2).  
 
In order to scan an entire object, multiple slices need to be measured. Thus, after 
scanning a single transverse slice, the patient is moved in the z-direction by a defined scan 
increment based on the slice thickness and the next slice is obtained. The commonly 
established coordinate system defines the z-axis along the patient‟s body from toe to head. 
In this “step-and-shoot” mode, no data is collected when the patient is being repositioned to 
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the new scanning location. The resulting poor scanning efficiency limits volume coverage 
and speed performance, and it reduces the capability to scan a large longitudinal volume with 
high image quality [8].  
 
Figure 2: 3rd generation CT scanner with fan-beam 
geometry and rotating source-detector assembly [7]. 
Sequential scanning of single slices is a time demanding mode. With the development 
of slip-ring technology, the continuous-rotating gantry came into existence, allowing the 
development of spiral CT [7]. For spiral CT, the patient is moved continuously through the 
scan field in the z-direction while the gantry performs multiple 360º rotations. Source and 
detectors follow a helical or spiral trajectory with respect to the patient (Figure 3).  
 
 
Figure 3: Source rotation and table translation in spiral CT [7]. 
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2.1.2.1 Cone-Beam Geometry versus Parallel Fan Beam Geometry 
A spiral CT system with more than one detector row is called a multi-slice spiral CT 
(MSCT) scanner. Simultaneous scans of multiple slices at different z locations are possible 
using MSCT [8]. The scanning principle of MSCT is the same as that for single slice spiral 
CT. 
 
For a single slice scanner, the x-ray photons coming from the x-ray tube form a 
diverging fan beam. Each ray in the fan beam lies in the same plane normal to the axis of 
gantry rotation. In the case of MSCT, the rays not only fan out within the gantry plane but 
also diverge from the gantry plane forming a cone-beam. For a maximum cone angle of 1.5º, 
the angle of the beams is ignored and the beams are treated as if they were perpendicular to 
the axis of rotation. However, when the number of detector rows is larger, and the cone 
angle divergence is higher, exact helical cone-beam reconstruction methods need to be used 
[9]. 
 
2.1.2.1.1 Conventional CT versus Spiral CT 
For conventional CT, the plane of reconstruction is the same as the plane of 
scanning. In contrast, for spiral CT, the plane of reconstruction can be selected at arbitrary 
locations due to the volume scanning characteristics [10]. The speed of spiral CT scanning is 
advantageous to avoid respiratory motion.  
 
One of the major disadvantages of spiral CT is that every measurement is performed 
at a different slice position, i.e., no two source positions view the same anatomy at any time 
during the scanning process. Interpolation between such scans, necessary for reconstruction, 
can lead to artifacts in the final image, especially cone and rod artifacts specific to helical 
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scanning. These artifacts are absent in the step–and-shoot mode of scanning, as no 
interpolation between the different views is necessary. 
 
2.1.3 Spiral CT Scanner Parameters  
Best performance and image quality of CT scans can be achieved if combinations of 
optimal scanning parameters are used. Some of the scanning parameters affecting the 
performance of spiral CT are listed below [6]. 
 
2.1.3.1 Slice Thickness 
X-ray-beam collimation affects both the volume coverage as well as the image 
quality. Large volume coverage can be obtained by using wide x-ray collimation. On the 
other hand, for small structures within the field of view (FOV), thin collimation leads to an 
improvement in the z-axis resolution and hence improved image quality. Slice thickness is a 
function of this beam collimation in the case of single-slice CT. Different collimated section 
widths are obtained based on the pre-patient collimation of the x-ray beam. With the use of 
multiple detector rows (MSCT), the x-ray beam is divided along the z-direction. Thus, in 
MSCT, the detector collimation defines the z-axis resolution or the slice thickness. Images 
from the data volume collected using MSCT scanners can be reconstructed with slice 
thicknesses equal to or larger than the detector collimation [6, 11].  
 
For single-slice CT, the detector row collimation equals the x-ray beam collimation. 
In multi-slice spiral CT, the detector row collimation is 1/N of the x-ray beam collimation 
for the case of equal row widths, where N is the number of detector rows. More detector 
rows or finer beam collimation, i.e. smaller slice thickness, reduces the partial volume 
artifact, hence further improving the image quality [11].  
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2.1.3.2 Pitch 
The pitch of a spiral CT scanner is defined as the table feed per rotation per 
collimated slice thickness (Figure 4).  
 
 
        
where the nominal scan width is defined as the slice thickness in the case of a single-slice 
spiral CT scanner, and the number of active data channels or the simultaneously scanned 
slices times the slice thickness in the case of MSCT. 
 
Assuming the same x-ray parameters are present, a pitch of 1 yields the same dose as 
step-and-shoot axial scanning. On the other hand, a lower pitch value implies overlapping 
radiation beams and, thus, an increased average patient dose [11]. Increase in the table feed 
and, hence, pitch results in a higher speed of acquisition but poorer image resolution in the 
z-direction. Some studies suggest that the optimum pitch for maximum volume coverage 
with adequate image resolution is 1.4 [12].  
 
 
Figure 4: Pitch of 0.75 and 1.5 for a four slice scanner. The 
four bands of grey represent the four detector rows [11].  
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2.1.3.3 mAs 
The product of the tube current and the rotation time gives the mAs value for the 
scan. For multislice CT scanners, the effective mAs is given by the product of the tube 
current and the exposure time per slice. Scans with higher mAs have a lower image noise. 
The mAs and tube voltage together define the dose to the patient. 
 
2.1.4 Noise and Artifacts 
2.1.4.1 Noise 
Every measured value is subject to an uncertainty. While measuring x-ray intensity 
using CT, the noise-related errors enter into the calculated attenuation values and are further 
propagated to the reconstruction. Thus, the final image obtained shows the effects of noise. 
For both sequential and spiral CT, the pixel noise is dependent on the system used and on 
the scanning and reconstruction parameters. Pixel noise can be determined as the standard 
deviation of a given ROI. The detector will register low x-ray quanta if a high density 
material is being scanned. Since x-ray photon statistics obey the Poisson distribution, 
quantum noise is proportional to  and the corresponding relative image noise is 
approximately proportional to  where N is the number of photons that have contributed 
to the reconstructed image. The number of photons reaching the detector is a function of 
the object attenuation, which depends on photon energies. Thus, N is strongly dependent on 
tube voltage (~ , where n varies between 2 to 4.5). In addition, N is proportional to the 
tube current, the amount of time necessary to acquire all the projection data needed for the 
reconstruction, i.e. the x-ray on time per rotation, as well as the slice thickness. Image noise, 
thus, is approximately proportional to . 
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 Noise is reduced by a factor of  in spiral CT with 360º Linear Interpolation (LI) 
processing when compared with the noise in standard single-section CT with the same 
nominal section thickness [7]. For spiral CT reconstruction, more than one slice is used and 
interpolation performed to obtain the desired image at the desired location; an increase in 
signal to noise ratio and, hence, a reduction in noise is observed in this case. In the case of 
single-slice spiral CT, noise is independent of pitch, whereas for MSCT noise is proportional 
to pitch, because the spiral interpolation algorithm makes use of redundant data from 
different detector rows to decrease noise for pitch values less than 1. Similarly, higher noise 
is present for pitch values greater than 1. 
 
2.1.4.2 Artifacts 
Artificial structures are sometimes created by the imaging system, which cause 
systematic discrepancies between the true attenuation coefficients of the object and the CT 
numbers in the reconstructed image. These are called artifacts. Under these circumstances, 
CT numbers of the reconstructed image systematically deviate from their true attenuation 
coefficients. The reasons for the presence of artifacts can be broadly classified into three 
major categories. 
 
2.1.4.2.1 Artifacts resulting from the physical processes in the acquisition of CT 
data 
 
 Beam Hardening 
When a heterogeneous x-ray beam exits the patient, it consists of a lower percentage 
of low energy photons than the beam that had entered the patient, leading to the beam 
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hardening effect. Variable increases in the mean energy of the spectrum are encountered as 
the polychromatic spectrum is attenuated differently depending upon the object in the beam 
path as can be seen in Figure 5. The measured linear attenuation coefficient (µ) of a tissue is 
a function of the average energy of the x-ray beam. As a result, µ also varies with projection 
direction, and inconsistencies in data arise.  
 
 
Figure 5: Beam hardening of an 80-kVp x-ray beam filtered by 
different phantoms. Water and acrylic produce similar beams, but 
aluminum and copper shift the average energy of the beam [13]. 
Consider a uniform cylinder. X-rays passing through the middle portion of the 
cylinder are hardened more than those passing through the edges as the lower-energy 
photons are attenuated more than the higher-energy photons. This beam hardening effect 
leads to an attenuation profile that differs from the ideal profile and leads to the cupping 
artifact in the reconstructed image [13] (Figure 6).  
 
The beam hardening artifact can be reduced or eliminated by using a filter that 
ensures uniformity of the beam at the detectors. One such filter is the bow-tie filter. It 
further hardens the beams that pass through the thinner sections of the patient. This 
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correction can be reasonably accurate if the size and the composition of the object being 
scanned are approximately known and the bow-tie filter is appropriately matched. 
 
                       
(a)                                                                                       (b) 
Figure 6: (a) Attenuation profiles with and without the beam hardening effect, when a 
uniform cylinder is scanned. (b) CT number profile across the center of the water cylinder. 
[13]. 
 
 Partial-Volume Artifact 
To obtain a consistent projection data set, the attenuation characteristics need to 
remain constant across the thickness of each slice. For small slice thicknesses this condition 
can be met easily. Partial intrusion of a scanned object in the beam in the case of large slice 
thicknesses or wide beams leads to an averaging effect and hence to partial-volume streaks. 
Figure 7 shows a dense object that is partly in the beam when viewed from the left side 
because of the divergence of the beam along z-axis. When the source position is 180º from 
the original position, i.e., viewed from the right side as shown in Figure 7, the same dense 
object is not seen by the detectors. These inconsistencies between the views lead to a 
shading effect in the image (Figure 8) [13]. A similar effect will also be observed if the object 
is partly included in the beams from both directions. Apart from the z-direction, partial-
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volume effects also occur in the scan plane (x-y). At places of high contrast transitions, this 
effect is more pronounced.  
 
 
Figure 7: Mechanism of partial-volume artifacts, which occur when a dense 
object lying off-center protrudes partway into the x-ray beam [13]. 
 
 
Figure 8: CT images of three 12-mm diameter acrylic 
rods in air parallel to the scanner axis. The image was 
obtained with the rods partially intruding into the section 
width, thus producing partial- volume artifacts [13].  
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2.1.4.2.2 Patient-based artifacts 
 Motion Artifacts 
When a patient moves while being scanned, the scanner averages the projections 
affected by the motion (Figure 9a). This misregistration of information results in shading and 
streaks in the reconstructed image. The intensity of a motion artifact depends on the 
intensity of the object in motion and the degree of motion. 
 
Appropriate corrections cannot be made by the reconstruction algorithm, since the 
motion is unpredictable. Steps are taken to avoid some voluntary movements, whereas some 
involuntary movements may be unavoidable. Holding the breadth while scanning to prevent 
respiratory motion, using patient positioning aids and reducing the scan time are some of the 
steps taken in this direction. 
 
 Metallic Artifacts 
The presence of metal objects in the field of view often results in streaks in the 
images (Figure 9b). Most metals have density values beyond the normal range the system can 
handle, which leads to large attenuations, i.e. complete absorption of the incoming photons. 
As no photons reach the detector, this results in an incomplete attenuation profile. Often 
metal inserts in the patient are avoided by tilting the gantry. If that is not a possibility, the x-
ray tube voltage can be increased in order to penetrate the metal and still get some photon 
counts at the detector. Various software interpolation techniques have also been introduced 
to substitute the incomplete attenuation profile before back projection.  
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(a)                                                                      (b) 
Figure 9: (a) Motion artifact: CT image of a head. (b) Metal artifact: CT image of a patient 
with metal spine implants, reconstructed without any correction. 
 
2.1.4.2.3 Artifacts caused by scanner 
 Ring Artifact 
If one of the detectors is out of calibration on a third-generation scanner, an 
erroneous reading is given by the detector consistently at each angular position. This leads to 
rings in the reconstructed image (Figure 10).  A scanner with solid state detectors, where 
each detector is a separate entity, is more susceptible to ring artifacts compared to a scanner 
with gas detectors, in which a single xenon-filled chamber is subdivided by electrodes [13].  
 
 
Figure 10: Ring artifact in a scan of a water phantom [13]. 
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2.1.4.2.4 Artifacts caused by image reconstruction in helical scanners 
Artifacts are caused in the helical scanning process, mainly because of the 
interpolation and the reconstruction method. These artifacts are especially present where the 
anatomic structures change along the z-direction. 
 
 Cone Artifact 
When spiral scans are performed for cone-shaped objects such as the upper surface 
of the liver, kidneys, skull etc., subsequent views see an increasing or decreasing diameter of 
the object, depending on the spiral direction. Due to the helical nature of the source 
trajectory, the anatomy each projection sees varies with the projection angle. Declining or 
increasing diameters are observed with changing projection angles. The interpolation scheme 
used to reconstruct the images weights each projection separately, i.e. the projections close 
to the slice position being reconstructed are weighted higher as compared to the ones away 
from it. When this weighted averaging is performed, an effect similar to the partial-volume 
effect results. Thus, a circular cross-section appears as an ellipse (Figures 11 and 12). The 
intensity of the artifact increases with an increase in the difference between the densities of 
these objects compared to the surrounding tissue. The cone artifact worsens with increase in 
pitch. The difference between the partial-volume artifact and the cone artifact is that the 
former is a function of collimation thickness only and the latter is a function of collimation 
and table increment per rotation. [13].  
 
In order to reduce the extent of the cone artifact, variation along the z-direction 
should be reduced. Using low pitch values, reducing slice thickness or employing 180° LI 
reconstruction helps minimize the effect. The literature suggests the use of conventional 
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axial CT as opposed to spiral CT, especially for brain scans, to avoid the cone artifact of the 
skull [14].  
 
(a) 
 
                  
  (b)                 (c) 
Figure 11: Cone Artifact: (a) Side view of the cone with one x-ray tube rotation around it 
displayed. The acquisition plane moves from the position indicated by view 0° to 360°.  The 
acquired views are interpolated to the position indicated by the plane of reconstruction. (b) 
The object diameter measured between the different views from 0° to 360° varies. (c) As a 
result of the weighting of slices while interpolating, views acquired at 90° and 270° are 
averaged to obtain the projection for the slice indicated in (a) if using the 180° LI 
reconstruction. This results in a more or less ellipse-like cut plane of the cone [14].  
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Figure 12: Spiral CT scans for a cone of diameter 80 mm and 
height of 95 mm, using the Tomoscan AV EP Philips 
scanner. Slice thickness = 10 mm, voltage = 120 kVp, tube 
current = 75 mA [14].  
 
 Rod Artifact 
If a spiral scan is taken of a rod-like object placed at an angle to the scan plane, each 
view registers a different position of the rod. This varying of position as viewed by 
subsequent projections when interpolated results in an artifact similar to a motion artifact 
and is called the rod artifact (Figure 13). The intensity of the artifact increases with an 
increase in the angle of the rod as well as with an increase in the contrast of the object. The 
rod artifact becomes more prominent for higher pitch values. It is mainly observed in the 
liver and ribs [14]. 
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       (a)                                              (b)   
  
  
(c) 
Figure 13: Rod artifact: (a) Side view of the rod placed in the horizontal plane of the scanner 
with one x-ray tube rotation around it displayed. The acquired views are interpolated to the 
position indicated by the plane of reconstruction. (b) Subsequent views, indicated by arrows, 
show the rod in different positions. (c) Reconstructions at two different longitudinal 
positions of a rod of diameter 10 mm. Reconstructed final image is also shown. Scans were 
taken using the Tomoscan AV EP Philips scanner. Slice thickness = 10mm, voltage = 120 
kVp, tube current = 75 mA [14]. 
 
 Windmill Artifact 
Insufficient data sampling in z-direction leads to aliasing artifacts which show up as 
hypo- or hyper-dense streaks resembling the vanes of a windmill. These are more prominent 
around high contrast features with curvatures along the longitudinal axis like bone, which 
generally also has rotationally asymmetrical edges, due to which this effect can spread over 
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multiple slices (Figure 14). This effect is termed windmill effect because, when adjacent slices 
are viewed continuously on the screen, the artifact appears to rotate like the vanes of a 
windmill. Windmill artifacts can be reduced by fine longitudinal sampling (very small slice 
thickness), but such sampling is limited by the scan time [9].  
 
 
Figure 14: Windmill artifact. CT image of legs of a patient acquired using the Lightspeed 16 
(16-slice) GE scanner at 80 kVp, 200 mAs and a slice thickness of 0.625 mm.  
 
2.2 MEASUREMENT OF BONE MINERAL DENSITY 
Precise and accurate quantitative measurement of CT numbers from patient scans is 
of prime importance for the measurement of bone mineral density. If calibrated correctly, 
QCT provides a true assessment of the bone density. Other methods like single-energy x-ray 
absorptiometry (SXA), dual-energy x-ray absorptiometry (DXA), single- and dual-photon 
absorptiometry (SPA/DPA) etc, are all projection techniques that provide estimates of the 
areal bone density (gm/cm2) [16].  
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DXA measures the areal density of a combination of cortical and trabecular 
components of the bone. Because of its ease of use, DXA has become a popular method for 
measuring bone density. DXA gives a low radiation dose and is a widely available technique 
but provides limited information regarding the spatial distribution of the bone mass [16]. 
Quantitative Computed Tomography (QCT) is a three-dimensional technique, which can 
quantify volumetric bone mineral density. Special-purpose peripheral QCT (pQCT), used 
mostly for limb measurements, is a relatively inexpensive technique and also has a 
considerably lower radiation exposure than QCT [17]. The major limitation of pQCT is that 
it can be used only for the appendicular skeleton because of its geometric constraints.  
 
Using computed tomography and associated QCT analysis makes it possible to 
quantitatively measure volumetric bone density at any skeletal site. QCT is a fast, 
reproducible and accurate method for measuring bone density that has the capability of 
three-dimensional anatomic localization as well as spatial separation of cortical and  
trabecular bone. It gives an accuracy equivalent to DXA but a slightly higher radiation dose 
[18]. QCT is better suited to monitor changes in trabecular BMD and thus has a better 
diagnostic performance. However, due to the presence of marrow, which is assumed to have 
the density of water, an erroneous estimate of bone density may result. Although imaging 
multiple slices increases measurement time and radiation exposure, a higher precision is 
obtained as the density values are averaged over a larger volume. For the same precision, 
QCT is 2-3 times more sensitive than DXA and 5 times more sensitive than SXA for 
detecting a change in bone mineral density in early postmenopausal women [19]. The 
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precision of measurement of BMD calculated in terms of coefficient of variation in vitro 
short term QCT analysis ranges from 2.0% to 4.0% [3].  
 
To obtain a more accurate estimate of the bone mineral density, dual energy QCT 
provides a solution that is less susceptible to errors due to the unknown marrow-fat content. 
Increased x-ray dose and reduced precision are matters of concern when performing dual-
energy QCT as compared to single-energy QCT [21]. 
 
2.3 QUANTITATIVE COMPUTED TOMOGRAPHY 
The image obtained from a CT scanner is a map of the x-ray attenuation coefficients 
in a cross-section of the body being scanned. These coefficients are used to determine the 
density at any point in the image. The calculated attenuation coefficients are represented as 
CT numbers. The most common linear scale used to represent these numbers is the 
Hounsfield Units (HU).  
 
                                              (2) 
 
Here µT is the linear attenuation coefficient of the unknown material corresponding 
to the given voxel (x, y, z), and µwater is the linear attenuation coefficient of water. The CT 
number for water-equivalent tissue, based on the above expression, is found to be 0 HU, 
whereas that for air is -1000 HU. The CT numbers for fat, marrow etc., which are less dense 
compared to water, are negative; bone has a high positive value. The accuracy of CT 
numbers is influenced by factors like x-ray energy spectrum, beam hardening, system 
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correction for beam hardening, scatter, etc., causing a non uniformity of CT numbers in the 
image. Despite the same scanner settings, differences in CT units are also obtained when 
objects with different material distribution are scanned. Thus, exact values of 0 and -1000 
HU are rarely obtained. The overlying noise also contributes to this deviation. Thus, the goal 
is to ensure homogeneity, i.e. to maintain as constant a CT number for water as possible. 
The accepted tolerance is generally ± 4 HU [7].  
 
No two x-ray tubes produce precisely the same x-ray spectrum, and the spectrum of 
the same x-ray tube alters with time. Thus, CT numbers cannot be directly compared from 
machine to machine and on the same machine over time. Using the same scanner at 
different energies also leads to a difference in the Hounsfield scale. A reference calibration 
phantom is thus scanned simultaneously with the patient to correct for such variations. More 
precise results are obtained by using improved versions of calibration phantoms consisting 
of compartments filled with K2HPO4 material as opposed to using phantoms made of just 
water and air compartments. The basic mineral component in bone is calcium 
hydroxyapatite. Even though it is readily available, it was not used in early calibration 
phantoms because of difficulty in producing aqueous solutions of various concentrations, 
and dipotassium hydrogen phosphate was used as a surrogate material.   
 
Precision or repeatability is the most important criterion for QCT due to a 
widespread interest in following a patient‟s bone density over time. A precision of better 
than 2% is desired [3], which will require well defined scan protocols and calibration 
procedures. In order to also allow for cross-comparison between scanners, an accepted 
calibration standard has to be defined. 
 
 25 
Spatial resolution and statistical fluctuations in the CT numbers based on limited 
photon transmission are other limitations that interfere with the accurate calculation of the 
CT number and hence the density in mg/cc. For homogenous materials, the limited photon 
flux is the prime reason for CT number variation between voxels. For inhomogeneous 
materials, the partial-volume effect becomes an additional limitation over noise. The 
accuracy and reproducibility of quantitative CT studies is also affected by other factors like 
the scanner design or the physiology of the human system under study [21]. Inaccuracies in 
the measurement of CT numbers are also caused because of the polychromatic nature of the 
source as well as scatter of the x-ray beam. Ideally, a scan with a monoenergetic x-ray source 
and subsequent reconstruction, exclusive of any numerical reconstruction errors, would give 
an accurate representation of the map of attenuation coefficients in the scanned region. All 
scanners thus, make use of a filtered x-ray spectrum which provides an effective energy 
around 60-80 keV, to scan the object. Bow-tie filters are used between the x-ray tube and the 
patient in order to maintain a uniform x-ray intensity at the detectors, minimizing surface 
dose and reducing x-ray scatter. In order to prevent inappropriate attenuation by the filter, 
the thicker part of the patient should be approximately centered in the scan field. Improper 
patient positioning will lead to noisier images with quantitatively different values [22]. 
Artifacts are other major reasons which cause variability in the measurement of CT numbers.  
 
2.3.1 Calibration 
Whole-body scanners are optimized for quantitative BMD analysis. However, use of 
a CT calibration phantom allows the conversion of raw CT numbers to a reference standard.  
A CT scanner is calibrated to the Hounsfield scale, with the CT number for air -1,000 and 
that for water 0 HU. In order to avoid negative numbers, a scaling by +1,024 is performed 
for most of the scanners, such that air has a reference value of 0 (or 24 HU) and water has a 
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value of 1,024 HU. The GE and Siemens scanners had this artificial scaling by 1,024 in the 
data, and this data was used as such for calibration. No scaling was present for the data 
collected using the Toshiba scanner, thus an offset of 1,024 was added to all Toshiba data 
before performing any analysis. As the CT numbers for most other materials vary relative to 
those of water with change in kVp, no fixed HU relationship for those other materials exists. 
Whereas the difference between two materials being scanned can be estimated based on 
their CT number difference, an accurate attenuation or density difference evaluation will 
require a reference object of known attenuation properties to be scanned at the same time as 
the object. Thus, a calibration phantom is scanned along with the patient or object at the 
same time and under the same scanning conditions. 
 
Once the CT numbers of the known materials are acquired, a linear regression 
relationship between the density and HU values is calculated. Using this relationship, the 
density values of the unknown object are estimated in terms of the density of the reference 
material.  
 
One of the commonly used reference phantoms is the Mindways Model 3 phantom. 
The Model 3 CT calibration phantom is based on the original Cann-Genant phantom [23], 
which was composed of a plastic base material with 5 embedded rods containing varying 
amounts of potassium phosphate (K2HPO4) and water [23]. This is because K2HPO4 is 
known to closely mimic the attenuation properties of bone in the CT x-ray energy range.  
 
The Mindways model 3 calibration phantom uses stochiometrically fixed solid 
compounds to replace the aqueous solution and maintains the reference to K2HPO4 
concentration in water (Table 1). Each rod is approximately 19 mm in diameter, which 
 27 
provides a reference area of approximately 285 mm2. The CT calibration phantom is 
designed to be placed on the scanner table under the patient or object being scanned within 
the desired scanning range. 
 
Table 1: Typical composition of the solid reference materials [23]. 
Reference Rod Eq. H2O Density (mg/cc) Eq. K2HPO4 Density (mg/cc) 
A 1012.2 + 2.3 -51.8 + 0.1 
B 1057.0 + 1.9 -53.4 + 0.1 
C 1103.6 + 1.7 58.9 + 0.1 
D 1119.5 + 1.8 157.0 + 0.3 
E 923.2 + 2.1 375.8 + 0.9 
 
2.3.2 Density Estimates 
The unknown material is characterized by estimating the density of equivalent 
K2HPO4 dissolved in water.  ROI measurements within the reference materials of known 
composition and the given density values for these compartments are used to obtain a linear 
relationship [23].  
 
                                     ,   (3) 
where  
 = CT number within an ROI in a reference or unknown material, in HU  
= K2HPO4 equivalent density of material within the measured ROI (Table 1) 
 = Water-equivalent density of material within the measured ROI (Table 1) 
 = Imaging-technique specific slope defining the response of the CT scanner to    
 K2HPO4 
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= Imaging technique specific offset characteristic of the CT number scale 
 
A note should be made here that the left hand side of Equation 3 is in HU, thus the 
right side of the equation should also be in HU. But the addition of  (mg/cc) to the 
remaining terms ( which are in HU, seems incorrect physically. 
Mindways, Inc. justifies it by comparing 1 HU to 1 mg/cc [31]. A detailed study on the 
calibration procedure is required. 
   
Substituting the known values in Equation 3, the unknown parameters, i.e. and 
, are determined based on the reference-material measurement. For the Mindways 
calibration phantom, 5 such equations can be created with 2 unknowns. Least-squares 
regression provides the best fit line and, hence, the required parameters. The CT scanner 
characteristics can then be defined as: 
 
                              (4) 
                                                  (5) 
 
These are substituted in equation 6, and the density values are obtained. 
 
             (6) 
               (7) 
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The calibration phantom is designed such that each 1 mg addition of K2HPO4 
displaces 0.2174 mg of water. Equation (4) signifies that the sum of both slopes (regression 
slope + 0.2174) is the slope that represents the response of the CT scanner to pure K2HPO4. 
Since this relationship is based on the actual physical displacement of water and has nothing 
to do with the scanner, it will always hold true. The additive term of 999.6 to the intercept is 
the density of water at standard temperature and pressure (Equation 5). 
 
On plotting the best-fit line using Table 1 and the measured CT numbers (Figure 15), 
an unexpected difference is observed for the densities for rods A and B. The manufacturer 
(Mindways Inc.) was not completely sure of the composition of the rods and suggested that 
differences might result from the manufacturing process of the rods. Because there is a 
desire to pivot the calibration curve around a value of about 100 mg/cc of K2HPO4, which 
is approximately the density of an osteoporotic patient, the duplication of calibration points 
at the low density balances the highest calibration density.   
 
The accuracy of  and  and thus equivalent density of K2HPO4 is dependent on 
the performance of the CT scanner and is not determined by the accuracy of the reference 
solution concentrations [19]. 
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            (a) 
 
 
           (b) 
Figure 15: CT Number versus equivalent K2HPO4 density (Equation 3) using 
the16-slice GE scanner. (b) is a zoomed in version of (a) showing the values 
for reference rods A and B. 
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3. MATERIALS AND METHODS 
This section describes the phantoms used to collect the data, summarizes the CT 
scanners involved in the experiments, explains the various data-collection protocols and 
details the analysis approach. 
 
3.1 MATERIALS 
3.1.1 Design of and Selection of Phantoms 
A rod phantom was designed and scanned for the purpose of characterizing different 
CT scanners as to their performance in providing quantitative values. Since the motive of 
QCT of bone is to calculate BMD, materials depicting bone are desirable for the rod insert 
(Figure 16). As the density values for the Mindways calibration phantom were known, we 
used identical rods for the experimental phantom, allowing easy comparison to the true 
values. An additional glass rod with a density value similar to that of cortical bone was 
chosen as the central rod surrounded by the rods identical to the ones present in the 
calibration phantom. Since Plexiglas shows CT numbers close to soft tissue, the effect of 
changing amounts of tissue was depicted by putting holders made of Plexiglas and of 
different cross-sectional areas around the rods.   
 
The rod lengths were chosen such that the glass rod was 1 cm longer than the others 
(Table 2). It was placed at the center with the other five rods surrounding it, with a 0.5 cm 
protrusion shown by the glass rod at both ends (Figure 16). This was done in order to view 
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the effect of an edge of an object on the image in distinct slices. In order to take into 
account the variation in the amount of tissue surrounding the bone in humans, different 
cross-sectional areas were chosen for the Plexiglas holders (Figures 16 and 20). The details 
of the phantom design are shown in Appendix 1. 
 
 
Figure 16: Rod insert comprising six rods symmetrically arranged with 
Plexiglas holders of varying cross-sections surrounding them [24]. 
 
Table 2: Specifications of the rods used for designing the rod phantom. 
Rods Length (cm) Diameter (mm) 
Glass 36 17 
A-E* 35 19 
          *Phantom rods identified in Figure 19. 
 
A cylindrical tank was used and filled with water. The rods were immersed in water 
(Figure 17) in order to lower the contrast between the rods and the surrounding material and 
to create a more anatomical situation, in which bone is surrounded by soft tissue. The tank 
opening was covered with a lid to avoid spills when the phantom was moved with the 
scanner table. Also, freezer bags filled with water were placed between the Mindways 
phantom and the rod phantom (Figure 18). The effect of not using the freezer bags is shown 
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in Figure 19. If images as shown in Figure 19 are used, strong streaks will skew the 
calibration process. 
 
 
 Figure 17: Rod insert placed within the cylinder tank [24]. 
Figure 18: Phantom arrangement used for scanning, for all experiments. 
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Figure 19: Phantom arrangement with no freezer bags showing streaks. 
In order to distinguish similar rods for the rod insert and the calibration phantom, 
different names are given to the two sets of rods. The rods of the Mindways calibration 
phantom are called “compartments,” whereas the rods from the rod insert are called “rods.” 
“A” is the least dense compartment/rod and “E” is the compartment/rod with the highest 
density (Figure 20). 
 
 
Figure 20: Cross-section of the phantom arrangement; the rod 
phantom is placed on top of the Mindways calibration phantom. 
Rods A-E are of identical density and composition as 
compartments A-E.  
 35 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21: Images of the phantom arrangement showing variations in the amount of 
Plexiglas surrounding the rods. Scans were taken using the 16-slice GE Lightspeed scanner. 
 
The human body is not uniform. To mimic this, there was a need to scan an 
asymmetrical object, i.e. an object that changed shape along the z-direction (Figure 22). 
Thus, a hollow artificial femur made of short glass fibers reinforced by epoxy was used to 
replace the rod phantom in the experimental setup (Figure 23). When immersed in water, the 
hollow portion of the body of the femur is filled with water, but the condyles and the head 
remained filled with air. A cross-sectional image for this arrangement as acquired with the 
16-slice GE Lightspeed scanner is shown in Figure 24. 
 36 
  
Figure 22: Artificial femur used for the pitch experiment1 . 
Figure 23: Artificial femur placed in the tank filled with water used for pitch experiment. 
Figure 24: Cross-section of the artificial femur imaged using the 16-slice 
GE LightSpeed scanner. As water could not seep into the hollow portion 
of the artificial femur completely, some slices showed the presence of air 
as in the slice shown above. 
                                               
[1] 1 Pacific Research Labs, Vashon, Washington. 
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3.1.2 Scanners 
The CT scans of the rod phantom were performed on six separate scanners using 
the clinical protocol as listed in Table 3. The scanners chosen were the products of three 
major manufacturers of CT scanners, i.e. GE, Siemens and Toshiba. The details are listed 
below: 
 
1. 16-slice GE Lightspeed scanner, Miami Valley Hospital, Dayton, Ohio. 
2. 64-slice GE VCT scanner, Miami Valley Hospital, Dayton, Ohio. 
3. 16-slice Toshiba Aquilion scanner, Children‟s Medical Center, Dayton, Ohio. 
4. 4-slice Siemens Sensation scanner, Sycamore Hospital, Miamisburg, Ohio. 
5. 16-slice Siemens Sensation scanner, Sycamore Hospital, Miamisburg, Ohio. 
6. 64-slice Siemens Somatom scanner, Kettering Medical Center, Kettering, Ohio. 
 
The protocol (kVp and mAs) was kept the same for the GE and the Toshiba 
scanners. The settings were changed for the Siemens scanners to a higher kVp and current 
setting because lower settings were not allowed.  
 
CT systems are calibrated so that the linear attenuation coefficients of water and air 
correspond to 0 HU and -1000 HU. As the x-ray spectrum varies with change in the kVp 
setting, each scanner needs to be calibrated for each kVp used. Very prominent ring artifacts 
were observed in the images acquired with the Toshiba Aquilion scanner. There is a 
possibility that this scanner was not calibrated properly for 80 kVp.  
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Table 3: Scanning parameters for each scanner. 
Parameter 
GE  
Miami Valley Hospital  
Toshiba  
Children’s 
Medical Center  
Siemens  
Sycamore Hospital,  
Kettering Medical Center 
 
16-Slice 64-Slice 16-Slice 4-Slice 16-Slice 64-Slice 
X-ray Tube 
Voltage (kVp) 
80 80 80 120 120 120 
X-ray Tube 
Current (mA) 
200 200 200 100 100 100 
Used Pitch Values 
(mm per rotation/ 
collimator 
thickness) 
0.562:1 
0.938:1 
1.375:1 
1.75:1 
0.531:1 
0.969:1 
1.375:1 
0.688:1 
1:1 
0.4:1 
1:1 
0.75:1 
1:1 
0.5:1 
1:1 
Slice Thickness 
(mm) 
0.625 0.625 0.5 3.0 0.75 0.6 
Detector 
Configuration 
(channels x mm) 
16 x 0.625 64 x 0.625 16 x 0.5 4 x 0.75 16 x 0.75 64 x 0.6 
Pixel Spacing 
(mm) 
0.976562 0.976562 0.976 0.65234 0.488281 0.748047 
Image Size  
(pixel x pixel) 
512 x 512 512 x 512 512 x 512 512 x 512 512 x 512 512 x 512 
Table Length 
(mm) 
1700 2000 1700 1570 1570 1570 
Gantry Diameter 
(cm) 
70 70 72 70 70 90 
 
3.2 METHODS 
3.2.1 Data Acquisition  
The designed rod insert was placed inside the cylindrical holder tank. The holder 
tank was filled with water, and its opening was closed with a Plexiglas lid. The Mindways 
calibration phantom was placed, convex side down, on the scanner table. Polyethylene 
freezer bags filled with water were placed on top of it to avoid the air gap between the rod 
phantom and the calibration phantom. The tube voltage, tube current, slice thickness and 
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the reconstruction method were set once for each scanner based on the values listed in Table 
3. Using this setup, scans for the various experiments were acquired. 
 
3.2.1.1 List of Experiments 
 
 Table Position Experiment  
Scans were taken to span the entire length of the CT scanner table. A pitch of 1 or as 
close to 1 as allowed by the scanner was chosen. The phantom arrangement was placed at 
one end of the table, and scans were collected. The phantom was then moved to the next 
adjacent position on the table and scanned again. This way the phantom arrangement was 
imaged starting from one end of the table to the other end. This experiment should show 
the uniformity of the density values with respect to table position.  
  
 Repeatability Experiment 
The position on the table that did not include the cross-section of the table extension 
in the images was chosen, and the phantom arrangement was placed at that position. The 
experiment to check for repeatability was then performed. An initial set of scans for the 
phantom setup was taken for that position. Immediately another set of scans was taken at 
the same position while keeping all the other parameters the same. After a wait of five 
minutes, a third set of scans was taken. Scan parameters and setup were not disturbed 
between these three acquisitions. The three stacks were named original, immediate and delay. 
This experiment should illustrate the variability the scanner shows under the best possible 
circumstances. 
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 Pitch Experiment Using a Symmetric Object  
The phantom setup was left at the same position as the previous experiment. The 
pitch value of the scanner was changed to all the allowed pitches for that scanner, one at a 
time, and the entire phantom was scanned. This experiment should show the effect of pitch 
on a regularly shaped object. 
 
 Table Height Experiment 
Again, keeping the position of the phantom and the scanner parameters the same, 
scans were acquired at varying table heights. Starting from the top (anterior) and moving to 
the bottom (posterior) in steps of 10-20 mm, the entire object length was scanned for all 
allowed heights within the gantry of each scanner. This experiment should show the 
uniformity of the density values with respect to table height. 
 
 Pitch Experiment Using an Asymmetric Object  
The pitch experiment was repeated for the artificial femur placed in the same holder 
filled with water at the same position as for the above experiment. This was done in order to 
introduce some non-uniformity in the object being scanned to view the variations caused by 
pitch more clearly. This experiment should show the effect of pitch on an irregular object. 
 
3.2.2 Software Tool to Obtain ROIs Automatically 
The Mindways calibration phantom, used as reference standard for QCT, comprises 
cylinders of known densities. The cross-section of the target regions in most of the images 
obtained for the experiments is circular. A tool to automatically find the center of the 
circular cross-section in the image and create an ROI of defined radius centered at that 
position was created. 
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In the case of actual patient scans, such circular ROIs are not desirable because of 
the asymmetrical nature of human bones. A separate tool to analyze the center 50% pixels of 
the thresholded cortical portion in the cross-sections was designed for the artificial femur. 
 
3.2.2.1 Circular ROI Selection Tool Algorithm  
The ROI selection tool was built for the purpose of selecting multiple circular ROIs 
of desired radii for the entire stack of images. The tool as applied to a single image works as 
follows. 
 
 The algorithm requires one seed point to be fed per ROI by the user. This is the 
approximate center point (point A), Figure 25.  
 
 
Figure 25: Starting seed point given by the user for the densest 
compartment of the Mindways calibration phantom. 
 A search matrix (5 x 5) is created around this approximate center point, within which the 
tool will look for the exact center point (Figure 26).  
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Figure 26: Search regions (5 x 5) around the approximate center point. 
 As the matrix size for the possible center points is 5 x 5, 25 possible center points are 
obtained. Based on the known actual diameter of the ROIs [19] as well as the pixel 
dimensions, an appropriate radius value in terms of number of pixels is calculated. At 
each of the 25 possible center points the mean CT number of the circular region is 
calculated.  
 For ROIs with a higher density than background a search for the maximum average 
value is performed. For ROIs with a lower density than background a search for a 
minimum average value is performed. The center point corresponding to the selected 
region is recorded.  
 In order to avoid including pixels affected by partial volume at the edges of the circular 
cross section, the radius of the ROI is reduced until only 50% of the total area from the 
center is included in the final ROI. Reducing the radius of the ROI by a larger amount 
will lead to a loss of precision. However, sufficient precision is provided for the CT 
number measurement if 50% of the cylinder cross-section is used [23].  
 With the known center and radius, a binary mask for the ROI is created (Figure 27).  
 The CT numbers from the original image corresponding to these mask coordinates are 
read and averaged to obtain the average CT number for the desired ROI for that image. 
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This procedure was repeated for the eleven ROIs in each image.  
 
 
Figure 27: ROI obtained after running the tool. 
For the next image in the stack, the different ROIs for finding the minimum or 
maximum mean value were obtained using the center point of the previous image and a 
search radius of four pixels. The phantom arrangement had been carefully placed on the 
scanner table such that it was in line with the table orientation. Thus, a huge pixel difference 
in the centers of similar ROIs in adjacent slices was not expected to occur. Four pixels were 
found to be a sufficiently robust search distance. Setting this number too high would involve 
iterating over too many pixels that would not be the center and hence slow down the tool. 
Setting it too small would reduce the search area and could lead to missing a real change.    
 
3.2.2.2 ROI Selection Tool for the Artificial Femur 
A variation on the previous tool was required to obtain the average CT numbers for 
the scans of the artificial femur (Figure 28a). Since the cortical portion was the region of 
interest, an algorithm that could select just the outer surface of the bone cross-section was 
built. Bone corresponds to higher CT numbers, much different from the other materials 
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being scanned simultaneously, i.e. the Mindways calibration phantom rods and the water-
filled tank. This property was used to threshold the images.  
 Based on the CT number of the simulated bone, a threshold value is chosen. For 
instance for GE scanners, 2000 HU was chosen as the threshold.  
 A binary mask is created based on the thresholded image by replacing all pixels with CT 
numbers greater than the set threshold with 1 and the remaining with 0.  
 In order to extract the central area of the bone cortex, an erosion operation is performed 
on this mask (Figure 28b). 
 The erosion process is repeated until the area of the mask falls below 50% of the original 
mask area.  
 Once the final mask is obtained, The CT numbers from the original image 
corresponding to these mask coordinates are read and averaged to obtain the average CT 
number for the desired ROI for that image. 
 
                                               
                             (a)                                                                               (b) 
Figure 28: (a) Cross-section of the artificial femur. (b)  Mask generated after eroding to 50% 
of the original thresholded mask area. Image taken using the 16-slice GE LightSpeed 
scanner.  
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3.2.3 Search for a Low Frequency Cyclic Pattern in the Data 
When the CT numbers collected using the ROI selection tool were plotted, a cyclic 
pattern was observed for some ROIs for all scanners (Figure 29).  
 
The following section explains the steps taken to detect and characterize the 
underlying low-frequency pattern along with illustrations for a simulated sinusoidal signal 
with overlaid white noise of standard deviation 0.8 (Figure 30).  
 
 The Fourier transform of the average CT numbers of a given ROI along all slices is 
created (Figure 31).  
 High frequencies are removed iteratively from the Fourier domain to obtain smoothed 
data, until a pattern repeating at a constant frequency is obtained in the inverse Fourier 
transform. A check for periodic cycles as explained below is performed on the smoothed 
data at every step. After removal of a major portion of the high frequencies, only few 
peaks are left for the autocorrelation process as described below. Thus, a local minimum 
towards the low frequency side based on the number of peaks obtained at those 
frequencies is chosen as the lower limit for frequency removal. If there were fewer than 
6 peaks, no further removal of frequencies was performed. As an example, if only 5 
peaks are present and 2 of the 4 peak distances were the same, a repetition of 50% would 
be obtained.  
 The inverse Fourier transform of the smooth data is taken (Figure 32). 
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 An autocorrelation operation is performed on this smoothed signal (Figure 33). The 
autocorrelation operation calculates the coefficient of correlation of the signal with 
itself, moving one step at a time from one end to the next. Wherever a match in shape 
is obtained, a peak appears in the autocorrelation plot. The central peak gives the 
highest coefficient of correlation as the signal exactly overlaps with itself giving a 
perfect correlation, i.e. a correlation coefficient of 1.  
 The distance between local peaks in the autocorrelation plot is calculated.  
 The successive differences for all peak locations are calculated, and the difference 
appearing most often as seen in the histogram, is chosen, (frequency number 11 as 
shown in Figure 34). The periodicity corresponding to this difference is recorded along 
with the relative number of occurrences expressed in percent.  
 If the above recorded percentage is 50% or above, the data are considered to be 
following a low frequency cyclic pattern.  
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      (b) 
Figure 29: CT numbers for compartment E acquired using the 64-slice GE scanner, pitch = 
0.938, phantom placed at isocenter. (a) All slices, (b) first 62 slices (*) overlaid with the next 
62 slices (-) from the same stack.  
 
 
Figure 30: Sine wave of periodicity of 16 and amplitude 1 (bold curve) 
overlaid with white noise of standard deviation 0.8 (thin curve). 
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Figure 31: Uncalibrated Fourier transform of the signal (thin curve of Figure 
30). The presence of a low frequency is seen as a peak in this plot. The cut 
off frequency for smoothing is marked (bold line). 
         
Figure 32: Plot for the signal after removal of the DC component and 
smoothing operation. 
 
0 10 20 30 40 50 60 70
0
10
20
30
40
50
60
70
80
Number
M
a
g
n
it
u
d
e
0 20 40 60 80 100 120 140
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
V
a
lu
e
Number
 49 
 
Figure 33: Autocorrelation plot of the smooth signal (Figure 32). 
 
         
           
Figure 34: Percentage repetition versus the frequency number at the cut-off 
frequency from the Fourier transform of the sinusoidal signal overlaid with noise 
(Figure 30). 
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For the simulated signal the autocorrelation returned 93.3% of the peaks at a 
constant distance of 16 from each other. As the noise level is increased, this percentage starts 
going down. Addition of white noise with a standard deviation of 1.35 or above made it 
difficult to detect an underlying cyclic pattern. The threshold of 50% chosen here only 
signifies that the chances of the presence of a low frequency signal in the data are high. 
 
The process was also tested on a random white noise signal of standard deviation of 
0.9 (Figure 35). As can be observed in the Fourier transform of the noise signal (Figure 36), 
no visible peaks are present that would represent a dominating cycle. Frequencies were 
removed iteratively, and the autocorrelation operation was performed on the smoothed data 
(Figure 37 and 38).  
 
The autocorrelation peaks returned a percentage of repetition between 0 to 70% 
(Figure 39), where 70% repetition is for the case where most of the frequencies have been 
removed and hence below the minimum limit set. As expected, this implied that there is no 
underlying low-frequency signal. This test was repeated multiple times with differing noise 
levels in order to confirm that the number defining the periodicity of the low-frequency 
pattern in the data is not randomly generated by the process being followed.  
 
After a periodic cyclic pattern was recognized, the amplitude for the average low-
frequency cycle in each scanner was calculated as an important factor in determining the 
strength of the cycle. A small amplitude implied lower chances of having a visible pattern in 
the Fourier domain. To make the periodicity assessment more immune from noise, the slices 
were grouped by the periodicity (in terms of slices per cycle) of the periodic pattern. The 
groups were overlaid and then averaged to obtain one average cycle pattern per ROI of the 
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stack. The amplitude for this cycle was calculated and expressed as a percent with respect to 
the mean of the entire stack. 
 
 
Figure 35: 128 points of white noise. 
  
Figure 36: Fourier transform of the noise signal, with frequency cut-off for 
smoothing (bold line). 
0 20 40 60 80 100 120 140
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
2.5
Number
V
a
lu
e
0 10 20 30 40 50 60 70
0
2
4
6
8
10
12
14
16
18
20
Number
M
a
g
n
it
u
d
e
 52 
    
Figure 37: Plot for the signal after removal of the DC component and 
smoothing operation. 
 
 
Figure 38: Autocorrelation plot of the smooth signal (Figure 37). 
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Figure 39: Percentage repetition versus the frequency number at the cut-off 
frequency from the Fourier transform of the noise signal (Figure 35). 
 
 
 
 
 
 
 
 
 
 
Figure 40: Signal before and after smoothing. 
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4. TESTING OF SCANNER BEHAVIOR 
 
4.1 SEARCH FOR LOW-FREQUENCY CYCLIC PATTERN    
Based on the method described in 3.2.3, a search for underlying low-frequency 
repetitive cycles in the rods was performed for image stacks corresponding to different 
pitches of each scanner. The Fourier-transform based method should be sensitive to 
periodic patterns despite phantom- or patient-related changes of CT numbers along the z-
axis. It was, thus, decided to use the whole stack of images for this analysis.  The amplitude 
of the average cyclic pattern recognized was also calculated. The technique is illustrated with 
compartment E of the Mindways calibration phantom and the glass rod of the rod phantom. 
 
Figure 41 shows the plot for the raw CT numbers for compartment E. The high CT 
numbers for the first 100 slices were caused because of extra Plexiglas material (wide-base 
Plexiglas holder) present for those slices. 
 
The Fourier transform as shown in Figure 42, showed a prominent peak at a low 
frequency signifying a dominant signal present at that particular frequency. From this 
Fourier transform frequencies from 40 to 277 were removed, (Figure 42) and an inverse 
Fourier transform of the remaining signal was taken (Figure 43). An autocorrelation 
operation was performed on the smooth signal (Figure 44).  
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The difference between the locations of peaks present in the autocorrelation plot 
was calculated and the percentage of repetitions noted. The frequency pattern of 
compartment E showed a repetition of 15 slices/cycle and an amplitude with respect to the 
average CT number of 0.23%. 
 
 
 
Figure 41: Raw CT numbers versus slice number for compartment E of the 
Mindways calibration phantom. Scans were taken using the 16-slice 
LightSpeed GE scanner installed at MVH. 
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Figure 42: Fourier transform of the CT numbers for compartment E of the 
Mindways calibration phantom shown in Figure 41. High frequencies to the right 
of the marked bold line were removed. 
 
 
Figure 43: Inverse Fourier transform after removal of high frequency and DC 
component (Figure 42). 
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Figure 44: Autocorrelation plot of the smooth signal (Figure 43) for compartment 
E of the Mindways calibration phantom.  
  
 
Figure 45: CT Number versus slice number plotted before and after smoothing 
for compartment E of the Mindways calibration phantom.  
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A similar analysis was performed for the glass rod (Figures 46-50). The Fourier 
transform (Figure 47), does not show any prominent peaks. The periodicity calculated for 
the autocorrelation plot (Figure 49) resulted in 15 slices/cycle and a relative amplitude of 
0.04%. This amplitude was considered too low to infer the presence of a dominating low 
frequency signal within the CT numbers of the glass rod. We concluded that either a peak 
frequency of less than 50% or a periodic cycle of amplitude less than 0.05% is sufficient to 
ignore periodicity. 
 
 
 
Figure 46: Raw CT numbers versus slice number for the glass rod of the 
rod phantom. Scans were taken using the 16-slice GE LightSpeed scanner 
installed at MVH. 
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Figure 47: Fourier transform of the CT numbers for the glass rod of the rod 
phantom, shown in Figure 46. High frequencies to the right of the marked bold 
line were removed.  
 
 
Figure 48: Inverse Fourier transform after removal of high frequency and DC 
component (Figure 47). 
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Figure 49: Autocorrelation plot of the smooth signal (Figure 48) for the glass rod 
of the rod phantom.                       
 
 
Figure 50: CT Number versus slice number plotted before and after smoothing 
for the glass rod of the rod phantom.  
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In order to estimate the presence of a low frequency signal in the CT data, the 
Fourier transform-autocorrelation analysis technique was performed for all 11 ROIs for the 
different scanners (Tables A2.1 and A2.2).  
 
The 16-slice GE scanner, at a pitch of 0.969, showed a repetition of peaks in the 
autocorrelation plot of 50-80%, and hence confirmed the presence of a periodic pattern of 
periodicity 15 for most of the ROIs with a few rods from the rod phantom insert, including 
glass, being the exception. The percentage amplitude for the rods that showed a low 
percentage repetition was also low, ranging from 0.03 to 0.04%. The 64-slice GE scanner, at 
a pitch of 0.938, confirmed the presence of a periodic pattern of periodicity 31 for the 
compartments and not for the rods, which also showed lower amplitude (Table A2.1). 
 
The effect shown by the 16-slice Toshiba scanner was opposite to that of the GE 
scanners. The rods, in this case, showed a higher percentage of peaks following a cyclic 
pattern with a periodicity of 15 than the compartments (Table A2.2). 
 
A pattern with periodicity of 4 was confirmed to exist for the 4-slice Siemens 
scanner. The 16-slice and the 64-slice Siemens scanners showed a very low probability for 
existence of a pattern within the data and lower amplitudes (Table A2.2). 
 
As can be observed, the low frequency pattern was more pronounced for the rods of 
the Mindways calibration phantom for the GE scanners, whereas it was the opposite for the 
Toshiba scanner. None of the ROIs for the 16- and 64-slice Siemens scanners showed a 
clear periodic cycle in the data.  The 4-slice Siemens scanner showed a periodic pattern of 4 
 62 
slices/cycle but with an amplitude of less than or equal to 0.05%, which is low compared to 
the other scanners. 
 
Impact on Calibration Procedure 
 
The calibration process as defined by Mindways, Inc. is expected to perform as 
designed for all densities which lie within or close to the range of densities used for the rods 
in the Mindways phantom (-53.4 to 375.8 mg/cc). Since most of the BMD estimation is 
performed for trabecular bone, which has a density within the range specified by the 
phantom, the use of the Mindways calibration phantom is justified for such clinical 
purposes. In the case of high densities, like for the cortex, which is mimicked by the center 
glass rod in our phantom, the calibration process may not work as well. Extrapolation of the 
given calibration curve and more pronounced energy dependence of higher densities are 
reasons for errors in the density estimation for the glass rod. Thus, all results for the 
performed experiments are split into two cases, rods A-E and the glass rod. 
 
 Applying calibration in the presence of a periodic signal on the Mindways 
compartments, results in forceful superposition of the periodic pattern on the possibly more 
stable data collected for the rods. Thus, an averaging method is implemented for calibration 
purposes. Having detected the frequency of the pattern, slices are symmetrically selected 
around the slice of interest, so that the total number of slices used is equal to the periodicity 
of the pattern. The average of these CT numbers is calculated for the Mindways calibration 
phantom ROIs and used to calculate the calibration curve. The average calibration method is 
applied to each slice.  For the 16- and 64- slice Siemens scanners, no pattern was detected 
within the data collected. Thus, for these scanners, slice by slice calibration was used. 
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Figures 51 and 52 and Table 4 show the comparison between the slice-by-slice 
calibration and calibration by averaging over the periodic cycle for rod E on the 64- and 16-
slice GE scanners. The stabilization of the repetitive pattern confirms that the pattern is not 
imposed after calibration with averaging. The standard deviations of the calibrated values for 
all rods are reduced from 6.06 to 0.57 mg/cc for rods A-E and from 21.7 to 1.53 mg/cc for 
the glass rod by using the averaging calibration method for the 64-slice GE scanner. 
Similarly, they are reduced from 2.58 to 1.45 mg/cc for rods A-E and from 7.52 to 3.79 
mg/cc for the glass rod for the 16-slice GE scanner (Table 4).  
 
 
Figure 51: Slice-by-slice calibration (blue curve) compared to averaging calibration (red 
curve) of CT numbers (green curve) for rod E imaged by the 64-slice GE scanner. The right 
axis (CT numbers) was scaled based on the slope of the calibration equation to reflect the 
same range of values as the left axis (K2HPO4 eq. density). 
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Figure 52: Slice-by-slice calibration (blue curve) compared to averaging calibration (red 
curve) of CT numbers (green curve) for rod E imaged by the 16-slice GE scanner. The right 
axis (CT numbers) was scaled based on the slope of the calibration equation to reflect the 
same range of values as the left axis (K2HPO4 eq. density). 
 
Table 4: Standard deviation for the slice-by-slice calibration and the average calibration over 
a periodic cycle. 
Phantom Rods 
SD for 16-Slice GE Scanner 
(mg/cc) 
SD for 64-Slice GE Scanner 
(mg/cc) 
Slice-by-Slice 
Calibration 
Average 
Calibration 
Slice-by-Slice 
Calibration 
Average 
Calibration 
Rod E 3.56 1.80 9.89 0.75 
Rod D 2.67 1.58 7.24 0.34 
Rod C 2.27 1.40 4.53 0.29 
Rod B 2.25 1.31 4.08 0.55 
Rod A 2.16 1.14 4.57 0.90 
Mean of SD (Rod A-E) 2.58 1.45 6.06 0.57 
Glass Rod 7.52 3.79 21.70 1.53 
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Discussion 
 
As can be observed from the tables in Appendix A2, the Fourier–transform 
autocorrelation-method showed the presence of an underlying low-frequency cyclic pattern 
in the data for four of the six scanners used for this study. In most cases the periodicity 
came out to be either close to the number of detector rows in the scanner or close to half of 
that number. GE scanners were restricted to fixed pitch values, and scans could be taken 
using those pitch values only. In the cases of Toshiba and Siemens scanners, the pitch was 
variable, and a pitch of one could be set. The periodicity obtained in most cases is the pitch 
times the number of detector arrays or the pitch times half the number of detector arrays. 
For instance, for the 16-slice GE scanner, the product of pitch and number of detector 
arrays is 0.938 16 = 15.008, which is the same as the underlying periodicity. For the 64-
slice GE scanner, this product is 0.969 64 = 62.016. The periodicity obtained using the 
suggested algorithm is half this value, i.e. 31.  The 16-slice Toshiba scanner apparently 
involves a slight overlap of slices, resulting in a periodicity of 15 despite a pitch of 1. The 
Siemens scanners with their low amplitudes of the underlying periodicity signal showed 
some irregularity in the discovered periodicities, which averaged about the expected product 
of pitch times number of detector rows.  
 
The frequency of the cyclic pattern indicates that the probable reason for the cycle is 
insufficient consideration for the effect of the cone angle in the reconstruction algorithm. 
Siemens 16- and 64-slice scanners, which do not confirm the presence of a pattern, probably 
use reconstruction algorithms that take into account the effect of the cone beam.  
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For both GE scanners it was observed that a higher percentage of peak repetition 
existed in the autocorrelation plot from the compartments as opposed to the rods. This 
implies that the presence of a cyclic pattern within a given image stack is a function of the 
distance of the object from the COR. The Toshiba scanner also showed the presence of an 
underlying signal with a periodicity of 15 slices per cycle, but in this case the pattern was 
more prominent in the rods than in the compartments. 
 
 The isocenter for all cases was fixed at or close to the central glass rod in the rod 
phantom, allowing for some positioning errors by the technologist. Thus, while scanning, the 
rods were always at the same location with respect to the x-ray source. On the other hand, 
the compartments were around 16 cm from the center and hence at different angle positions 
and distances from the source within the beam as viewed from different source positions 
(Figure 53). This could explain the differences in the intensity of the pattern present in the 
rods and compartments.  
 
ROIs that showed a low probability for the presence of a cyclic pattern usually gave 
small amplitudes (half of max. peak to min. peak difference), another indicator for the 
absence of a cyclic pattern within the signal. Even if a low-frequency pattern exists, its 
magnitude would be too small to have an effect on the signal. 
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(a)                                                                        (b) 
Figure 53: Rods placed at different positions within the circle of reconstruction; (a) at 180º, 
(b) at 90º [25]. 
For the 64-slice GE scanner the periodicity of the cyclic pattern was close to half of 
the number of detector arrays. A difference in the interpolation algorithm used to assemble 
the projections for a given slice could explain the above. In the case of 360° LI, projections 
are interpolated between the data measured for a given angular position just before and after 
the desired slice position, 360° apart along the spiral trajectory. The other commonly used 
algorithm is the 180° LI, in which data measured only 180° apart, i.e. at half the table feed, 
are chosen for interpolation. This would explain the difference of roughly a factor of two 
between the observed periodicities of the 64-slice GE scanner as compared to the scanners 
with fewer detector rows. 
 
4.2 CHECK FOR REPEATABILITY IN THE ORIGINAL, IMMEDIATE AND DELAY SCANS 
Repeatability or reproducibility refers to the strength of agreement between repeated 
measurements obtained under similar circumstances. We were interested in assessing the 
reproducibility of measurements in multi-detector spiral CT scanners.  
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Once the presence of a pattern was established as described in the previous section, 
the slices with no interfering material, i.e. Plexiglas, surrounding the rods were chosen from 
each of the original, immediate and delay stacks. From these selected slices, a number of 
slices equivalent to the modulus of the periodicity of repetition starting from the center and 
moving outwards in both directions were chosen. The modulus of the repetition periodicity 
was selected in order to make sure that an integer multiple of cycles was included for 
calculations. Only the center slices from among all the slices with no surrounding Plexiglas, 
were selected to avoid the effect of scatter from the Plexiglas holders (Figure 54). For 
instance, for the 64 slice GE VCT scanner, these numbers were calculated for slices 343 to 
435 or from a z-position from -738.75 to -815.625 for a slice thickness of 0.625 mm. Since 
the z-reference position was not reset every time a scan was taken, the slice locations 
remained the same for all three sets, i.e. original, immediate and delay. Also, an effort was 
made to make sure that the slices viewing the same portion of the phantom were selected for 
all the scanners.  
 
  
Figure 54: The marked portion is the portion of the rod phantom carefully 
selected such that there is no interfering Plexiglas around the rods [24]. 
 
After the appropriate slices were chosen, the ROI tool was applied to all relevant 
ROIs within the stack, and the CT numbers for each ROI of each slice were obtained. For 
each ROI, these values were then averaged across the stack (Table A3.1 for original stack). 
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Calibrations with averaging were performed for the six rods of the rod phantom based on 
the curve obtained from the five Mindways calibration phantom compartments (Table A3.2 
for original stack). This process was repeated for every stack (Figure 55).  
 
 Figure 54 shows that the CT numbers for the immediate position are phase shifted 
as compared to the original and the delay scan by 16 slices. There were no changes in the 
protocol for the 3 sets of scans, the z-locations for the phantom were kept same for the 3 
sets, and the scanning was always performed in the same direction. A possible reason for this 
phase shift could be the difference in the start position of the source every time a scan was 
performed.  
 
The absolute and relative differences of the mean CT numbers of the immediate and 
the delay stack from the original stack were then calculated (Table A3.3 to A3.14). These 
numbers were later used as the performance standards for the other experiments.  
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           (b) 
 
              (c) 
Figure 55: CT number versus z-location for 124 slices from (a) the original 
stack, (b) the immediate stack and (c) the delay stack. Scans were taken using 
the 64-slice GE scanner. 
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The maximum difference between the 2 scan sets for any rod was chosen as a 
conservative estimate for the performance of each scanner (Table 5). The maximum 
differences for the raw CT numbers varied from 0.99 HU to 4.49 HU. The calibrated density 
differences for the various scanners were within the range from 0.38 mg/cc to 2.89 mg/cc. 
These ranges varied from 0.09 HU to 2.64 HU and 0.08 to 7.81 mg/cc for the glass rod, the 
latter being somewhat higher than that for rods A-E. As can be observed there is little 
difference between the two cases with and without a delay time to allow for x-ray tube 
cooling. A Student‟s t-test was performed on the two sets, i.e. the difference between the 
original and immediate scan and the difference between the original and delay scan. 
Significant differences in these comparisons were not observed for the raw CT numbers or 
the calibrated densities for any scanner, except for the calibrated densities for the 16-slice 
GE scanner. However, comparison of calibrated values between scanners remains 
problematic. 
 
Table 5: Maximum differences of any rod (A-E) for each of the six scanners. 
Phantom Rods 
Absolute Difference for the Immediate 
Scan 
Absolute Difference for the Delay Scan 
CT 
Number 
(HU) 
Calibrated Density 
(mg/cc) 
CT 
Number 
(HU) 
Calibrated Density 
(mg/cc) 
16-Slice GE 1.26 0.67 1.11 0.38 
64-Slice GE 1.33 1.31 1.27 1.48 
16-Slice Toshiba 2.99 1.36 4.49 0.83 
4-Slice Siemens 1.13 0.57 2.18 1.28 
16-Slice Siemens 1.22 0.96 0.99 0.78 
64-Slice Siemens 3.66 2.89 2.27 1.80 
 
 Standard deviations of the mean for the slices corresponding to a 2 cm portion of 
the rods with no surrounding Plexiglas for the original set of scans were calculated (Table 6). 
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These standard deviations were used as reference errors for each rod scanned using each 
scanner, and the absolute errors calculated for the various experiments were compared to 
these errors. A section of 2 cm of the rods was used to represent the number of slices that 
would be used to analyze the central portion of a single vertebra. We will call this reference 
error the 2-cm precision error. 
 
Table 6: Standard deviations of the mean for densities of slices corresponding to a 2 cm 
section of rods for each scanner, the 2-cm precision error. 
Phantom 
Rods 
Standard Deviation (mg/cc) 
16-Slice 
GE 
Scanner 
64-Slice 
GE 
Scanner 
16-Slice 
Toshiba 
Scanner 
4-Slice 
Siemens 
Scanner 
16-Slice 
Siemens 
Scanner 
64-Slice 
Siemens 
Scanner 
Rod E 0.25 0.33 0.38 0.30 0.77 0.77 
Rod D 0.28 0.34 0.34 0.45 0.59 0.67 
Rod C 0.26 0.30 0.31 0.23 0.64 0.59 
Rod B 0.24 0.32 0.43 0.36 0.54 0.57 
Rod A 0.27 0.25 0.29 0.47 0.48 0.66 
Glass Rod 0.66 0.69 0.89 0.92 2.00 2.22 
 
 For all scanners, most of the rods gave errors that were lower than the 2-cm 
precision errors. A few rods showed repeatability errors slightly higher than the listed 2-cm 
precision error, but the difference between the two was less than 1 mg/cc. The glass rod for 
the Toshiba scanner was an exception, with a maximum difference of 6.92 mg/cc between 
the repeatability error and the 2-cm precision error. A few rods (C, B, glass) scanned using 
the 64-slice Siemens scanner also showed higher differences.  
 
Accuracy 
The calibrated densities for the compartments and rods based on the averaging 
calibration method were calculated. Since both the set of rods and compartments have the 
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same material composition, a difference in their calibrated densities should give an estimate 
for accuracy (Table 7). The difference obtained by these calculations do not truly represent 
the accuracy of the system, as some percentage of the differences is attributable to the 
difference in the positioning of the two phantoms (Table 7). The accuracy for the Toshiba 
scanner is the lowest; the best accuracy is given by the 4-slice Siemens scanner.  
 
Table 7: Difference in density values after calibration between the rods and the 
corresponding compartments. 
Phantom 
Rods 
Average Density of Rods - Average Density of Compartments (mg/cc) 
16-Slice 
GE 
Scanner 
64-Slice 
GE 
Scanner 
16-Slice 
Toshiba 
Scanner 
4-Slice 
Siemens 
Scanner 
16-Slice 
Siemens 
Scanner 
64-Slice 
Siemens 
Scanner 
Rod E 10.48 13.44 -34.54 -0.73 -2.19 29.63 
Rod D 10.77 10.52 -40.68 -0.05 1.05 19.76 
Rod C 3.41 2.74 -42.00 0.03 1.63 15.77 
Rod B 2.14 -1.03 -47.28 1.21 4.04 8.00 
Rod A 0.30 -3.22 -53.15 1.13 5.06 5.16 
  
Discussion 
 
The CV calculation involves division of the absolute error by the mean CT number. 
For low density rods, the CV shows up as an anomaly. Thus, absolute errors were 
considered for precision estimation.  For our data, the repeated measurements for all 
scanners were similar.  For rods A-E, the best performance in terms of absolute HU (0.99 
HU) and calibrated densities (0.38 mg/cc) was given by the 16- slice Siemens and GE 
scanner, respectively. The corresponding worst performances were given by the 16-slice 
Toshiba scanner (4.49 HU) and the 64-slice Siemens scanner (2.89 mg/cc). The absolute 
differences between repeat and original images were generally not much larger than the 2-cm 
precision errors for most of the scanners. In comparison, the long-term precision for QCT 
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(for proximal femur BMD measurement) has been quoted to be 1.4 mg/cc using single-slice 
GE scanners [3]. 
 
Note that because of the large number of slices being considered, a statistical 
Student‟s t-test was deemed inappropriate to test for significant differences between the 
three different sets of scans in the repeatability experiment. A large number of slices results 
in large power for a statistical test, such that clinically insignificant differences might be 
calculated as significant. 
 
4.3 PRESENCE OF PLEXIGLAS HOLDERS OF DIFFERENT CROSS-SECTIONAL AREAS 
Each stack of CT images collected could be split into four different sections, namely 
the portion with no Plexiglas holders surrounding the rods, the portion with a circular 
Plexiglas holder surrounding the rods, the portion with a narrow-base Plexiglas holder 
surrounding the rods and the portion with a wide-base Plexiglas holder surrounding the rods 
(Figure 56). For the four different sections within the stack, tables for comparison of the raw 
CT numbers as well as the calibrated density values were obtained (Tables A4.1 - A4.12). 
Keeping the slices with no interfering Plexiglas surrounding the rods as the standard, 
differences of the other sections with Plexiglas holders were computed from this best set of 
slices. The number of slices chosen was equal to an integer multiple of the periodicity of the 
underlying cycle as described in 4.1 for the GE, Toshiba and Siemens 4-slice scanner. For 
the Siemens 16- and 64-slice scanners, integer multiples of 16 and 64 were chosen, 
respectively. 
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The addition of extra material around the rods causes variations in the measured CT 
numbers (Figure 57). The maximum variation in the measured CT numbers and calibrated 
densities dependent on the addition of Plexiglas around the rods is listed in Table 8, for each 
scanner. 
 
              
                  (a)                                                                              (b) 
           
                               (c)                                                             (d) 
Figure 56: Phantom showing variations in the amount of Plexiglas surrounding the rods. 
Scans were taken using the 16-slice Aquilion scanner from Toshiba. 
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Figure 57: CT numbers of compartment E, 16-slice GE scanner, for the central 
slices of the four sub-sections, which differ in the amount of material 
surrounding the rods.  
 
Table 8: Maximum absolute difference in mean CT numbers and calibrated densities 
between the slices with no Plexiglas and the slices with varying amounts of Plexiglas material 
using the six scanners for rods A-E. 
Phantom Rods 
 In Presence of 
Circular Holder 
In Presence of 
Narrow-Base Holder 
In Presence of 
Wide-Base Holder 
HU 
Calibrated 
(mg/cc) 
HU 
Calibrated 
(mg/cc) 
HU 
Calibrated 
(mg/cc) 
16-Slice GE 3.86 1.26 4.97 1.97 15.37 5.41 
64-Slice GE 6.48 2.12 7.20 2.23 -11.37 6.56 
16-Slice Toshiba 3.61 2.35 9.58 -7.23 10.98 9.28 
4-Slice Siemens 2.19 -1.02 2.58 0.79 4.19 2.40 
16-Slice Siemens 3.10 1.45 3.66 1.16 3.68 1.41 
64-Slice Siemens -3.00 1.30 -3.07 -2.72 -2.04 1.62 
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From Tables A4.1 - A4.12, it can be observed that the highest absolute differences 
measured between densities with and without additional materials around the rods are 
mostly seen for the high density rods, i.e. the glass rod or rod E. The largest relative 
differences are seen for the low-density materials because of division by a small density 
measure. Table 8 shows that the range of differences in CT numbers and densities with 
varying amounts of Plexiglas is 2.04 to 15.37 HU and 0.79 to 9.28 mg/cc for the rods. The 
range for the glass rod is high, from 0.14 to 24.22 HU and 0.05 to 20.23 mg/cc(Tables A4.1 
- A4.12). 
 
No particular trend in the difference in HUs and calibrated densities was observed 
with change in the amount of Plexiglas surrounding the rods (Tables A4.1 to A4.12). For 
rods A-E, the absolute differences vary from 0.02 to 6.48 HU for the slices with the circular 
holder, 0.05 to 9.58 HU for the slices with the narrow-base holder and 0.02 to 15.4 HU for 
the slices with the wide-base holder. For the glass rod these differences were up to 7.11, 
20.23 and 11.33 HU for the circular, narrow-base and wide-base holder, respectively. For the 
calibrated densities of rods A-E, the range of the differences was from 0.01 to 2.35 mg/cc, 
0.08 to 7.23 mg/cc and 0.13 to 9.28 mg/cc for the circular, narrow-base and wide-base 
holder, respectively. For the glass rod the corresponding maximum differences were 8.70, 
9.69 and 24.22 mg/cc.  
 
Most of the shifts in density values with the addition of the circular,narrow-base and 
wide-base holders (Tables A4.1 to A4.12) were higher than the 2-cm precision errors  (Table 
6). A few exceptions, notably the glass rod in some cases, exist.  
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4.4 VARIABILITY ACROSS SCANNER TABLE 
Because scanners are not set up to scan the entire table, data were collected in sets of 
three or four stacks depending on the allowed scannable range of the scanner table. After the 
data for all the sets were extracted using the ROI tool, they were considered as one 
contiguous population and plotted with respect to the z-location.  The right y-axis is scaled 
as the percentage difference with respect to the mean of the population (Figure 58). 
 
The peaks in the plot are because of the support Plexiglas strips between the rod 
phantom and the Mindways calibration phantom (Figure 59).  The slices after slice location 
1,200 mm were measured through the extension (Figure 60) attached to the end of the table 
and showed a rise in the CT numbers (Figure 58).  
 
 
Figure 58: Mean CT number for compartment C, 4-slice Siemens scanner. 
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Figure 59: CT image showing the support Plexiglas strip between 
the rod phantom and the Mindways calibration phantom for the 
16-slice GE scanner. 
 
Figure 60: Table extension [26]. 
Figure 61 shows the images of the rod phantom set-up acquired using the 16-slice 
Toshiba and the 4-slice Siemens scanner. As can be observed, the protocols used for 
acquiring slices with and without the table extension cross-section in the FOV, for the 
Toshiba scanner are different. While acquiring data for the set of slices with the table 
extension, the collection diameter was set at 1,000 mm with a pixel size of 2 x 2 mm 
whereas, for all the other positions on the scan table, the set diameter was 400 mm with a 
pixel size of 0.781 x 0.781 mm. This is not expected to cause such huge variations in the if 
the values. A repetition of the position experiment for the Toshiba scanner might confirm 
variation observed is a scanner property or caused because of the protocol selected. 
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(a)                                                                              (b)                   
                         
    (c)                                                                              (d) 
Figure 61: CT images showing the presence (a,c) and the absense (b, d) of the table 
extension. Measurements from the 16-slice Toshiba scanner (a, b) and the 4-slice Siemens 
scanner. 
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The gaps in the data seen in Figures 58 and 62 resulted from shifting the phantom 
manually on the scan table and not using the end slices of each stack. The GE and Siemens 
scanners did not show a slope in the various datasets collected over the scan table. On the 
other hand, plots for the data sets obtained using the Toshiba scanner (Figure 62) suggested 
that a systematic slope might exist for this case. A t-test was performed on the regression 
line slope of the Toshiba data for all ROIs to check for a significant difference from a slope 
of 0. Raw CT numbers of all  6 rods in the rod phantom and calibrated densities of 3 rods 
for the combined set with no table extension included (slices with no Plexiglas) showed that 
the slope of the regression line was significantly different from 0. The others showed a non-
significant slope. Calculating the density differences between the end points of these 
regression lines, it was observed that most of the differences for the calibrated densities were 
less than the 2-cm precision error of the data, with rods C, E, and the glass rod being an 
exception. For the data set with the table extension in the FOV, the uncalibrated as well as 
calibrated densities of all rods showed a slope not significantly different from 0. 
 
Table 9 shows the differences between the mean CT numbers for the slices that 
include the table extension and the slices that do not. Table 10 shows the shift for the 
calibrated densities. The 16-slice Toshiba scanner showed large differences from 61.68 to 
279.16 HU for the data collected over the table extension as compared to the rest of the 
table. The calibration process reduces this shift to -0.63 to 9.73 mg/cc (Figure 62). 
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(a) 
  
(b) 
Figure 62: (a) Raw CT numbers and (b) calibrated density values for rod A for data collected 
using the 16-slice Toshiba scanner. 1: Position with table extension in FOV, 2-4: Position 
with no table extension in FOV.  
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Table 9: Shift in CT units for all ROIs of all 6 scanners between sets of slices with and 
without the table extension in the FOV. 
Phantom Rods 
Shift in CT Numbers  
(HU) 
16-Slice 
GE 
Scanner 
64-Slice 
GE 
Scanner 
16-Slice 
Toshiba 
Scanner 
4-Slice 
Siemens 
Scanner 
16-Slice 
Siemens 
Scanner 
64-Slice 
Siemens 
Scanner 
Compartment E -7.088 -4.345 264.220 9.299 5.296 -0.511 
Compartment D -2.705 -3.544 194.458 5.376 3.702 1.105 
Compartment C -0.870 -3.141 144.064 3.134 2.083 1.018 
Compartment B -0.155 -2.394 92.135 1.400 1.106 0.919 
Compartment A 1.739 -3.652 79.264 1.194 1.105 1.600 
Rod E -0.879 -4.531 279.164 0.233 1.341 -0.067 
Rod D -0.890 -2.910 207.876 0.794 0.722 0.173 
Rod C -0.208 -1.073 145.251 1.177 2.194 0.109 
Rod B 0.469 0.918 70.257 -1.005 1.960 0.313 
Rod A 0.425 -0.002 61.681 2.453 -0.304 -0.688 
Glass Rod -2.232 -7.076 497.639 1.208 0.428 -0.513 
 
Table 10: Shift in calibrated densities for 6 ROIs of all scanners between sets of slices with 
and without the table extension in the FOV. 
Phantom 
Rods 
Shift in Calibrated Densities 
(mg/cc) 
16-Slice GE 
Scanner 
64-Slice 
GE 
Scanner 
16-Slice 
Toshiba 
Scanner 
4-Slice 
Siemens 
Scanner 
16-Slice 
Siemens 
Scanner 
64-Slice 
Siemens 
Scanner 
Rod E 3.598 0.001 9.730 -6.758 -6.879 0.259 
Rod D 2.193 0.700 4.176 -4.909 -6.946 0.118 
Rod C 1.317 1.430 -1.487 -2.839 -5.366 -0.355 
Rod B 0.067 2.248 -6.407 -2.173 -4.884 -0.761 
Rod A -0.279 1.604 -5.779 0.883 -6.430 -1.704 
Glass Rod 8.751 -0.382 -0.630 -15.021 -10.139 2.208 
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Discussion 
 
 For the 16- and 64-slice GE scanners, the shift in values with the table extension was 
mostly in the negative direction, except for a few low-density rods and compartments. After 
calibration the shifts reversed their direction. The Toshiba and the Siemens scanners showed 
a positive shift for most CT numbers, except for rods A, B, E and compartment E, which 
showed small negative shifts of 1 HU or less. The shifts in CT numbers for compartments 
and K2HPO4 rods varied from 0.0022 to 7.08 HU (excluding Toshiba scanner) and in 
equivalent densities for rods from 0.0013 to 6.76 mg/cc (excluding Toshiba scanner). The 
Toshiba scanner showed large shifts ranging from 61.68 to 279.16 HU, which were reduced 
to a shift of -1.48 to 9.73 mg/cc after calibration. The glass rod showed a reduction in the 
shift before and after calibration only for the 64-slice GE and the Toshiba scanners. In 
general, the calibration process reduced the shift to a large extent for the Toshiba scanner; 
for the other scanners the shift both increased or decreased for some ROIs, but the 
difference was not large. Comparing the shifts of the calibrated densities to the 2-cm 
precision errors listed in Table 6, it was observed that the 64-slice Siemens scanner showed 
shifts generally less than the 2-cm precision errors for all but the low-density rods (A, B). 
Most K2HPO4 rods scanned using the 4- and 16- slice Siemens and the 16-slice Toshiba 
scanners showed large shifts up to 9.7 mg/cc. In comparison, the shifts of the GE scanners 
were less than 3.6 mg/cc.  
 
The CT slices spanning the entire table length showed CVs observed for all GE, 
Toshiba and Siemens scanners within the 2-4% range of CV numbers given in the literature  
for spinal QCT (single-slice, HU) [3]. A maximum variation of 0.56% for the GE 16-slice 
and 1.16% for the GE 64-slice scanner was observed in the raw CT numbers for slices that 
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did not include the table extension and 0.76% and 1.18% over the table extension. For the 
Toshiba scanner the CVs for the 2 cases were 1.71% and 4.21%. The CVs were lower for 
the Siemens scanners as compared to the GE scanners, being 0.50% and 0.44% for the 4-
slice, 0.63% and 0.59% for the 16-slice and 0.47% and 0.40% for the 64-slice Siemens 
scanner without and with the table extension included. Thus, the best precision along the 
table span was given by the 64-slice Siemens scanner (Table A5.3). This difference in the 
precision numbers for slices with and without the table extension could be because of the 
differences in the mean HU and densities measured at different locations. 
 
4.5 VARIATIONS WITH CHANGE IN PITCH 
For a pitch of less than one an overlap occurs while acquiring data as opposed to a 
pitch of one or higher. The periodic cycle observed in these data sets collected using the 
same scanners were thus expected to change with change in pitch.  
 
Quantitative differences in the CT numbers due to change in pitch  were studied by 
using the pitch of one or the pitch closest to one, as allowed by the scanner. The differences 
of the average CT numbers for the various pitches relative to the reference pitch were 
computed for both the raw CT numbers and the calibrated densities. Similar tables were 
created for the artificial femur data. 
 
Changing the pitch was expected to alter the frequency of the cyclic pattern for the 
cases where it existed. It can be observed from Tables A6.1 - A6.7 that for pitch values less 
than one the frequency of the cycle is reduced. This reduction can be explained by the 
overlap of slices during data acquisition. Collecting overlapping data leads to averaging and 
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hence suppression of the periodical pattern.  For higher pitch values the periodicity tends to 
increase. Due to the increase in the table feed with increase in pitch, the cycle is now spread 
over a larger number of slices. 
 
The general trend in the presence of the periodic signal for each scanner is the same 
as that observed in Section 4.1. The periodicity at all pitch values and the product of the 
pitch and the number of detector arrays, which gives an estimate of the expected cycle, for 
all scanners that confirmed the presence of a cycle, is listed in Table 11. The Siemens 16-and 
64-slice scanners did not show any periodicity. 
  
Table 11: Periodicity with change in pitch and the product of pitch and number of detector 
rows for 4 scanners. 
Scanner 16-Slice GE Scanner 64-Slice GE Scanner 
16-Slice 
Toshiba 
Scanner 
4-Slice 
Siemens 
Scanner 
Pitch 0.562 0.938 1.375 1.750 0.531 0.969 1.375 0.688 1.000 0.400 1.000 
Periodicity 
(slices/cycle) 
9 15 22 28 17 31 44 11 15 4 4 
Pitch * (# of 
Detector 
Arrays) 
8.99 15.00 22.00 28.00 
33.98/2 
=16.99 
62.02/2 
=31.00 
88.00/2 
=44.00 
11.00 16.00 1.60 4.00 
 
 The amplitudes for the cyclic patterns expressed as a percentage with respect to the 
average CT numbers are listed in Tables A6.1 - A6.7. As seen previously in Chapter 3, ROIs 
that showed lower chances for the presence of a cyclic pattern had smaller amplitudes in the 
cycle. This effect was again confirmed for the Siemens 16- and 64-slice scanners.  
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Table 12: Maximum difference in HU and density with pitch for all 6 scanners. 
 
16-Slice GE 
Scanner 
64-Slice GE 
Scanner 
16-Slice 
Toshiba 
Scanner 
4-Slice 
Siemens 
Scanner 
16-Slice 
Siemens 
Scanner 
64-Slice 
Siemens 
Scanner 
Rods 
A-E 
Glass 
Rod 
Rods 
A-E 
Glass 
Rod 
Rods 
A-E 
Glass 
Rod 
Rods 
A-E 
Glass 
Rod 
Rods 
A-E 
Glass 
Rod 
Rods 
A-E 
Glass 
Rod 
Difference 
in HU 
8.77 4.80 6.88 8.18 3.33 3.07 2.78 2.38 1.80 4.07 2.19 5.77 
Difference 
in Density 
(mg/cc) 
3.86 5.03 2.89 5.22 1.86 7.70 1.25 19.10 1.41 1.80 2.03 9.52 
 
The maximum absolute difference with pitch in HU and density are listed in Table 
12. As can be observed from the Table 12, the calibration method reduces the shift in HU 
for rods A-E, for all the scanners. On the other hand, the glass rod does not show a 
reduction in the differences for all the scanners, and the differences are larger. As the 
calibration procedure is not designed to work perfectly for the glass rod, an increase in the 
differences is expected to occur.  
 
A comparison between the difference in CT numbers by varying the pitch and the 2-
cm precision errors was performed. For the GE scanners the shifts in values with pitch were 
mostly higher than the 2-cm precision errors, with a few high density rods (E, D) and the 
glass rod being exceptions. For the Toshiba and the Siemens scanners the shifts were also 
higher than the 2-cm precision errors, but the differences between these shifts and the 2-cm 
precision errors was mostly less than 1 mg/cc. The glass rod, which showed differences as 
high as 19.1 mg/cc, was an exception for all scanners.  
 
For the artificial femur scans (Tables A6.20 to A6.24), similar trends as above were 
observed.  The difference with pitch varied from 0.90 to 95.31 HU and -0.83 to -48.99 
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mg/cc, the worst value coming from the Toshiba scanner. The standard deviation for the 
femur stacks is similar to those for the glass rod.  
 
Discussion 
 
Tables A6.8 - A6.18 show that the relative differences of the CT numbers for all 11 
ROIs of the different pitch values relative to the reference pitch are less than 2% for the raw 
CT numbers. Due to the symmetry of the object being scanned, i.e. a uniform cylinder, large 
quantitative differences are not expected to occur. As stated before in Section 4.1, the 
periodicity of the cycle was estimated to be equal to the product of the pitch and the number 
of detector arrays. Table 10, row 3, gives these numbers. Except for the 4-slice Siemens 
scanner, this product matches with the periodicity obtained using the suggested algorithm.  
The slice thickness for the 4-slice Siemens scanner was 3 mm, thus very few slices were 
collected. The small number of slices could be responsible for picking up a frequency of 4 
instead of 2. Also, the amplitudes of the cycles for this scanner are small.  Another possible 
reason could be insufficient high-frequency removal. 
 
4.6 VARIATIONS WITH TABLE HEIGHT 
The isocenter of the scanner gantry is chosen as the default position of the patient 
while scanning. There is a possibility that changes in the CT numbers occur as the object is 
moved up or down with respect to the isocenter. The following experiment tests for this 
possible variation. The phantom arrangement was placed on the scanner table at a position 
where the cross-section of the table extension was not visible. The table was then moved 
 89 
from the highest position (as allowed by the scanner) to the lowest position in steps of 10 to 
20 mm. 
 
 The tables listing the CT numbers and calibrated densities as a function of the 
distance of the center of each ROI from the isocenter are given in Appendix A7 (Tables 
A7.1 – A7.20). Most of the ROIs showed a falling trend for CT numbers with an increase in 
distance from the isocenter, but a few low-density ROIs (mostly rods A and B) showed an 
opposite trend. The Toshiba scanner showed a rising trend for all 11 ROIs. No trend could 
be observed for the 16-slice Siemens scanner, as enough points were not available due to 
limited table-height motion within the gantry.  
Most of the ROIs from the different scanners also showed a decreasing or no trend 
after performing the calibration process (Figures A7.1 to A7.12).  A few low-density rods, 
especially some scanned using the 16-slice Toshiba scanner, showed a rising trend in the 
equivalent densities. The glass rod showed an increase in the density values obtained after 
calibration, with a maximum shift of 117 mg/cc for the 64-slice GE scanner. 
 
The plots for all compartments and rods imaged using the 64-slice Siemens scanner 
are shown in Figure 63. In order to make all curves fit in the same plot, the mean of the CT 
numbers for each rod or compartment  measured at all heights was subtracted from the CT 
number of the ROI at each height. The same normalization was repeated for the calibrated 
densities. Similar plots for all the scanners were obtained (Figures A7.1 to A7.12), where the 
axes are scaled between -100 and 200 HU and -200 to 150 mg/cc, respectively, to obtain 
comparable plots for both uncalibrated and calibrated values. Tables 13 and 14 list the 
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maximum differences in CT numbers and densities that were observed in response to 
changing table heights. 
 
 
Note:  
Blue: E Red: D                    
Green: C  Black: B                    
Cyan: A Magenta: Glass rod         
„-„: Compartments „-*‟: Rods 
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                                                  (b) 
Figure 63: (a) Normalized CT number (HU) and (b) equivalent K2HPO4 density 
for all rods and compartments versus distance to isocenter; 64-slice Siemens 
scanner. 
  
Table 13: Maximum difference in CT numbers and calibrated densities and associated 
difference in distance D of the ROI from the isocenter with change in table height for the 
GE and Toshiba scanners. 
Phantom 
Rods 
16-Slice GE Scanner 64-Slice GE Scanner 16-Slice Toshiba Scanner 
HU 
D 
(mm) 
mg/cc 
D 
(mm) 
HU 
D 
(mm) 
mg/cc 
D 
(mm) 
HU 
D 
(mm) 
mg/cc 
D 
(mm) 
Rod E -108.2 27.4 -121.4 42.9 -118.8 35.9 -133 41.0 -26.2 32.0 62.3 41.0 
Rod D -75.0 42.9 -75.0 21.9 -64.3 16.9 -84.7 17.7 37.2 35.4 31.8 72.8 
Rod C -76.1 21.9 43.6 9.5 -67.3 16.7 -85.0 7.7 73.8 31.7 28.7 90.6 
Rod B -82.6 9.5 135.9 12.5 -120.1 5.0 120.1 15.8 67.6 70.1 83.0 124.9 
Rod A 163.6 12.5 163.6 19.8 118.9 7.6 164.8 24.3 129.1 108.1 129.1 157.9 
Glass 
Rod 
-101.3 19.8 -116.9 102.4 -80.8 58.5 -110.7 105.4 -74.7 63.4 -89.1 95.2 
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Table 14: Maximum difference in CT numbers and calibrated densities and associated 
difference in distance D of the ROI from the isocenter with change in table height for the 
Siemens scanners. 
Phantom 
Rods 
4-Slice Siemens Scanner 16-Slice Siemens Scanner 64-Slice Siemens Scanner 
HU 
D 
(mm) 
mg/cc 
D 
(mm) 
HU 
D 
(mm) 
mg/cc 
D 
(mm) 
HU 
D 
(mm) 
mg/cc 
D 
(mm) 
Rod E -26.6 5.6 -33.3 11.2 -3.0 0.6 -3.0 0.7 -34.9 9.1 -34.9 41.1 
Rod D -0.5 3.0 -19.9 5.3 -2.9 0.9 -2.9 0.8 -15.6 2.3 11.9 25.7 
Rod C 25.8 1.2 -25.8 3.3 3.3 0.5 3.3 0.3 -8.4 1.0 11.3 20.3 
Rod B -21.9 2.2 -21.9 2.3 0 0.5 0 0.5 -36.0 2.8 -38.0 11.6 
Rod A 30.7 4.2 20.0 3.1 -2.4 0.8 -2.4 0.6 8.7 2.6 -57.1 7.9 
Glass 
Rod 
-29.9 10.6 -29.9 19.0 -3.6 1.6 -3.6 1.6 18.4 18.4 -31.3 77.7 
Table 15: Ratio of the maximum difference in density values to the distance from the 
isocenter (Table 13), for GE and Toshiba scanners. 
Phantom 
Rods 
Maximum Density–to-Height Ratio 
16-Slice GE Scanner 64-Slice GE Scanner 16-Slice Toshiba Scanner 
HU/mm mg/cc/mm HU/mm mg/cc/mm HU/mm mg/cc/mm 
Rod E -3.95 -2.83 -3.31 -3.24 -0.82 1.52 
Rod D -1.75 -3.42 -3.80 -4.79 1.05 0.44 
Rod C -3.47 4.59 -4.03 -11.04 2.33 0.32 
Rod B -8.69 10.87 -24.02 7.60 0.96 0.66 
Rod A 13.09 8.26 15.64 6.78 1.19 0.82 
Glass Rod -5.12 -1.14 -1.38 -1.05 -1.18 -0.94 
Table 16: Ratio of the maximum difference in density values to the distance from the 
isocenter (Table 14) for the Siemens scanners. 
Phantom 
Rods 
Maximum Density–to-Height Ratio 
4-Slice Siemens Scanner 16-Slice Siemens Scanner 64-Slice Siemens Scanner 
HU/mm mg/cc/mm HU/mm mg/cc/mm HU/mm mg/cc/mm 
Rod E -4.75 -2.97 -5.00 -4.29 -3.84 -0.85 
Rod D -0.17 -3.75 -3.22 -3.63 -6.78 0.46 
Rod C 21.50 -7.82 6.60 11.00 -8.40 0.56 
Rod B -9.95 -9.52 0.00 0.00 -12.86 -3.28 
Rod A 7.31 6.45 -3.00 -4.00 3.35 -7.23 
Glass rod -2.28 -1.57 -2.25 -2.25 1.00 -0.40 
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The maximum change in HU (163.6 HU) and calibrated density (164.8 mg/cc) was 
observed for rod A using the 16-slice and 64-slice GE scanners, respectively. Tables 15 and 
16 list the ratios of the maximum difference in densities to the change in distance from the 
isocenter, to get an estimate of the performance of each scanner based on variation with 
table height. Even though the units for this ratio are HU/mm and mg/cc/mm, it does not 
imply a linear relationship between the change in HU or mg/cc with height. For most 
scanners, the two lower-density rods (A, B) give larger values of this estimate than the two 
higher-density rods (D,E) and the glass rod. Overall, the best performance for the calibrated 
densities with respect to table height is given by the Toshiba scanner. 
 
Discussion 
 
It can be concluded that moving away from the center alters the CT numbers as well 
as the densities. We hypothesized this to be the effect of the bow-tie filter in the scanner. 
Support for this hypothesis is provided in Chapter 5 with computer simulations.  
 
Considering the slope of the calibration curves for all scanners to be roughly 
between 1.41 to 1.99 HU/mg/cc, we can relate a change in 1 HU to an equivalent change of 
1.41 to 1.99 mg/cc K2HPO4 eq. This allows us to assess if the calibration process results in 
an improvement of the density-to-length ratio (Tables 15, 16). After this adjustment, the 
calibrated ratios are improved from 25 to 95%, with only 3 of the 36 ratios showing 
deterioration.    
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5. COMPUTER SIMULATION FOR BOW-TIE FILTER 
 
On some scanners the reported density value of an object is altered with change in 
distance from the gantry isocenter. This variation is believed to be caused by the bow-tie 
filter added to reduce the effect of beam hardening. Since accessing and changing the 
hardware of a commercial CT scanner is impractical, the aim of this simulation is to show 
what could cause the systematic variation in CT numbers with change in position of the 
object within the circle of reconstruction. For the simulation, the x-ray tube spectrum was 
made to pass through a bow-tie filter placed at the exit window of the x-ray tube. This 
filtered spectrum was further attenuated by the presence of an object in the path of the 
beam. The projections were collected and reconstructed to obtain an image of the object 
[27].  
 
The simulation of the CT scanner with and without the bow-tie filter added was 
created based on the following steps. 
 
5.1 ENERGY SPECTRUM FROM THE X-RAY TUBE 
A software simulation of an x-ray spectrum based on operating conditions such as 
the tube voltage, anode angle (12° in this case), path of electron within the target and 
attenuation by materials in the beam path had been developed previously in our group [28]. 
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The simulation was based on the theoretical model proposed by Kramer. The beam was 
attenuated within the target, and in order to represent attenuation through the window 
(usually glass) in front of the target, attenuation through a 0.5 mm aluminum thickness was 
added.  The former involved calculations to obtain the depth from the surface of the target, 
at which the electrons lose all their energies after interaction with the different layers of the 
target material. The attenuated energy spectrum was obtained as shown in Figure 64.  
                                      
 
Figure 64: The simulated x-ray tube spectrum that hits the bow-tie filter. The spectrum was 
simulated at 10 keV steps and additional energy locations, where characteristic edges appear 
in the attenuation materials. 
 
5.2 BOW–TIE FILTER 
Since aluminum is a commonly used filter material, a bow-tie filter made of 
aluminum with a tie thickness towards the edges of 7.5 cm and at the center of 0.5 cm was 
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used for the simulation (Figure 65). These dimensions were chosen considering a patient of 
diameter 21 cm (approximately the diameter of the cylinder tank). 
 
 
 
 
 
 
Figure 65: Bow-tie filter design. 
The simulated x-ray spectrum had discrete energy values ranging from 0 to 80 keV in 
8 steps after linear interpolation of the values plotted in Figure 64. By interpolating linearly 
the attenuation coefficients obtained from the literature, values corresponding to these 
discrete energies were obtained. Beams of all energies were then made to pass through the 
varying thicknesses of the bow-tie filter. The number of increments in the thickness of the 
bow-tie filter was kept the same as the number of detectors in each detector row of the 
scanner, i.e. 273 detectors. Thus, the entire width of the filter was split into 273 paths, 
resulting in 273 thicknesses. The linear attenuation coefficient-versus-energy curve for 
aluminum (material for bow-tie filter) as compared with that for water is shown in Figure 66. 
Each thickness attenuated all discrete energy lines based on the exponential attenuation law. 
These intensity values after filtration were summed to give the effective intensity, Idi for that 
filter thickness. 
  
 
7.5  cm 
0.5  cm 
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where n is the number of discrete energy lines of the x-ray spectrum, µ(Ej) is the linear 
attenuation coefficient of the jth energy line, and di is the thickness of the bow-tie filter for 
the beam reaching the ith detector.  
 
 
Figure 66: Linear attenuation coefficient for aluminum (solid line) and water 
(dashed line) versus energy (0 – 80 KeV). 
 
With knowledge of the intensity values after attenuation through the bow-tie filter, 
the effective energy of each beam could be obtained after calculation of the effective µ i. 
 
      (9) 
 
The energy corresponding to each µi (E) was obtained by interpolation of the 
aluminum attenuation coefficients.  Thus, at the end of this step, effective energies for each 
beam in the fan beam geometry were obtained. 
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5.3 SCANNER PARAMETERS 
The scanner simulated was a single-slice spiral CT scanner with a polyenergetic x-ray 
source as described above, 273 detector elements in each detector row and a pitch of 5. The 
radius and the height of the reconstruction cylinder were assumed to be 120 mm and 100 
mm, respectively. The number of source positions per 360° rotation of the gantry was taken 
as 512. These scanning parameters were considered appropriate for this particular 
simulation, as the primary aim is to simulate the effects of the bow-tie filter, not of various 
spiral geometries. 
 
5.4 PROJECTIONS AND IMAGE RECONSTRUCTION 
For the first software simulation, a water-filled cylinder was used as the object to be 
scanned. The effective energies obtained after the fan-beam passed through the bow-tie filter 
were averaged to obtain a single effective energy of the x-ray spectrum, i.e. 55.36 keV, which 
was made to pass through the cylindrical object. This monoenergetic spectrum, i.e. with no 
bow-tie filter present, was used for the first simulation. Each beam within the fan intersects 
the cylindrical object in a different way. Three cases may arise: the beam intersects the object 
at two distinct points, the beam touches the object tangentially, or the beam does not 
interact with the object. For all the listed cases, the length Di of the beam path within the 
object was calculated (Figure 67). With the known intensity of the beam entering the object 
(I0) and the attenuation coefficient µ of water at 55.36 keV, the intensity of the beam after 
passing through the cylinder (Ii) was calculated based on the attenuation law.  
 
                                                               (10) 
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Based on Io and Ii, the projection value Pi was calculated.  
 
                                             (11) 
 
The attenuation-versus-energy curve for water was obtained from NIST [29] (Figure 
66). Projections corresponding to each source position were obtained. These projections 
were then convolved with a ramp filter, and the convolved projections were backprojected 
to obtain the final image. 
 
A number of simulations were performed by varying the location of the water 
cylinder within the reconstruction circle. These simulations were repeated with the bow-tie 
filter in place to check for variations in the density value with changing object position 
within the circle of reconstruction. 
 
Figure 67: Path of the x-ray beam through the aluminum bow-
tie filter and the object reaching the detector array [30]. 
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A second set of  simulations was performed with a setup resembling the actual rod 
phantom and calibration phantom This simulated phantom was again “measured” with a 
monoenergetic beam and a polyenergetic beam attenuated by the bow-tie filter at various 
table heights. 
                 
5.5 RESULTS 
5.5.1 Results for Water Cylinder Simulation 
At first the water cylinder was positioned at the isocenter and the simulation was run 
without the bow-tie filter to obtain an initial reference image for an effective energy of 59.8 
keV. The object was then moved up by 20 cm in the circle of reconstruction and imaged 
again. Further positions of the object included 40 cm above the isocenter as well as 20 and 
40 cm below the isocenter.  The attenuation coefficients of the cross-sections in all images 
were 0.216 (Table 17).    
 
The results of the simulations with the addition of the bow-tie filter are shown in 
Figure 68 and Table 17. 
                     
         (a)                                                  (b)                      (c) 
Figure 68: Images obtained with the presence of bow-tie filter from the three stacks with the 
object placed at three different heights, 20 cm below the isocenter, at isocenter and 20 cm 
above the isocenter.  
 101 
Table 17: Density values for the cylinder cross-section at the different heights with and 
without the bow-tie filter. Att Coeff.: Attenuation coefficient. 
Water Cylinder 
Object 
TH -40 TH -20 TH 0 TH 20 TH 40 
D 
Att  
Coeff. 
D 
Att 
Coeff. 
D 
Att 
Coeff. 
D 
Att 
Coeff. 
D 
Att 
Coeff. 
Without Bow-Tie  
Filter 
-40 0.2155 -20 0.2156 0 0.2155 20 0.2155 40 0.2156 
With Bow-Tie  
Filter 
-40 0.2296 -20 0.2393 0 0.2614 20 0.2393 40 0.2296 
Note: 
D: Distance of the center of the ROI from the center of the circle of reconstruction  
        (mm) 
TH: Table height is defined with respect to the water cylinder placed at the COR 
(TH = 0). 
 
5.6.2. Results for Rod Phantom Simulation 
    The rod phantom simulations were performed for phantom heights from -50 to 
+50 cm from the isocenter. In the absence of a bow-tie filter, the reconstruction simulation 
returned the same density values for all eleven ROIs, and they were not influenced by the 
table height (Table A8.1). The addition of the bow-tie filter altered the density values 
obtained from the simulation (Table A8.2). The density of each ROI showed a reduction in 
its value as its distance from the center of reconstruction circle (COR) was increased 
(Figures 69 and 70).  
 
In order to make all curves fit in the same plot, the mean of the attenuation 
coefficients for each rod or compartment  measured at all heights was subtracted from the 
attenuation coefficients of the ROI at each height. The same normalization was repeated for 
the calibrated densities. The attenuation values tend to decrease with increase in distance 
from the isocenter, as shown in Figure 70. 
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(a)                                            (b)                                                (c) 
Figure 69: Central slice after reconstruction in the presence of the bow-tie filter; (a) phantom 
set-up 50 cm below the isocenter (b) Phantom set-up at isocenter (c) Phantom set-up 50 cm 
above the isocenter. 
Note:  
Blue: E Red: D                    
Green: C  Black: B                    
Cyan: A Magenta: Glass rod         
„-„: Compartments „-*‟: Rods 
 
Figure 70: Reduction of the density values with increasing distance from the 
isocenter for the 11 ROIs from the simulated rod phantom set-up. 
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 The above simulations give results similar to that obtained from the table height 
experiment (Section 4.6). For all scanners except the Toshiba scanner, a decrease in the HU 
was observed, except for the low density rods. The simulation was created solely to test the 
effect of the presence of bow-tie filter with increase or decrease in table height, with no 
other interfering effect like noise. This simulation (Figure 70) confirmed the presence of 
bow-tie filter to be a dominant reason for differences in the CT numbers and hence the 
calibrated densities, with increase in table height. As the calibration process itself tries to 
correct for various anomalies, studying the variation of mg/cc with table height might not 
confirm the actual effect. 
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6. DISCUSSION 
 
The goal of the current project was to characterize the performance of MSCT 
scanners with respect to quantitative analysis of bone density. The major issues addressed by 
a number of phantom experiments were the difference in the calibrated densities between 
scanners, the periodicity in the data collected, precision, accuracy, varying amounts of 
Plexiglas in the FOV and differences caused because of changes in table height.  
 
An estimate of the scanner-to-scanner variability can be obtained by looking at the 
calibrated densities for the six rods from the rod phantom. The deviations are large, ranging 
from 19.2 to 33.5 mg/cc (rods A-E) and 84.2 mg/cc for glass rod, as can be seen in Tables 
A3.1 and A3.2. It can also be observed that both the 16- and 64-slice GE scanners give 
densities closer to each other with a maximum difference of 7.8 mg/cc for the glass rod. The 
same is true for the 4- and 16-slice Siemens scanner, where the maximum difference 
observed was 11.4 mg/cc, again for the glass rod. The 64-slice Siemens scanner showed a 
higher difference from the other two Siemens scanner, ranging from 4.8 to 34.5 mg/cc, and 
91.0 for glass rod.  
 
While performing the calibration, Mindways, Inc. suggests multiplying the densities 
obtained after the calibration procedure by a scanner-specific normalization factor called the 
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field uniformity correction value (FUC) to compensate for residual beam hardening error 
[31]. The FUC normalization is an attempt to partially compensate for the slight depression 
of CT values, i.e. the cupping effect, in the central region of an object/subject. Accurate 
FUC numbers cannot be obtained for the current study as they involve a separate scanning 
procedure specified by Mindways, Inc. However, Mindways estimates the FUC value to be 
of the order of 1.01 to 1.02 for GE scanners, 1.00 to 1.02 for Toshiba scanners and 1.05 for 
Siemens scanners. This compensation method is expected to shift the BMD estimates in the 
correct direction. This method is not claimed to be perfect, but it is expected to give better 
results as opposed to ignoring the residual beam hardening influence completely. 
 
To compare the estimate of the FUC given by Mindways, Inc., our own set of FUC 
numbers were calculated. Since the Toshiba scanner is estimated to have a FUC number 
from 1.0 to 1.02, the densities obtained from the Toshiba scanner were considered to be the 
reference, and the densities of all rods from the other scanners were considered to be a ratio 
to the rods of this reference scanner. The first set of data collected for the repeatability 
experiment, called the “original” set, was used to calculate the FUC numbers (Table 18). For 
a given scanner, the FUC number was calculated as the mean of the ratios for rods A-E and 
separately for the glass rod. These numbers were then applied to the data obtained from the 
“immediate” set of scans, i.e. the data collected immediately after the first set for 
repeatability, and the corrected densities were obtained (Table 19).  
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Table 18: FUC numbers calculated for the 6 scanners from the original scan data. 
Phantom 
Rods 
16-Slice GE 
Scanner 
(mg/cc) 
64-Slice GE 
Scanner 
(mg/cc) 
16-Slice 
Toshiba 
Scanner 
(mg/cc) 
4-Slice 
Siemens 
Scanner 
(mg/cc) 
16-Slice 
Siemens 
Scanner 
(mg/cc) 
64-Slice 
Siemens 
Scanner 
(mg/cc) 
Rods A-E 0.9570 0.9778 1 0.9890 0.9920 1.0672 
Glass Rod 1.0363 1.0448 1 1.1479 1.1354 1.2473 
 
Table 19: Densities for immediate set of scans after application of the FUC and standard 
deviation of the densities for all scanners for comparison. 
Phantom 
Rods 
16-Slice 
GE 
scanner 
(mg/cc) 
64-Slice 
GE 
scanner 
(mg/cc) 
16-Slice 
Toshiba 
scanner 
(mg/cc) 
4-Slice 
Siemens 
scanner 
(mg/cc) 
16-Slice 
Siemens 
scanner 
(mg/cc) 
64-Slice 
Siemens 
scanner 
(mg/cc) 
Standard 
Deviation 
(mg/cc) 
Rod E 374.66 386.93 352.56 371.75 373.03 439.22 29.66 
Rod D 241.91 248.50 204.33 270.79 273.63 326.10 40.56 
Rod C 123.52 128.57 83.07 147.30 149.12 185.78 34.03 
Rod B -23.69 -26.49 -70.94 -16.05 -15.69 -6.94 22.77 
Rod A -47.96 -51.18 -95.03 -48.09 -46.93 -43.75 19.51 
Glass rod 982.41 998.70 911.50 1205.30 1178.83 1433.53 192.95 
 
 
This calculation did not improve the density numbers, and the differences seen 
before adjustment by the FUC (Table A3.2) still exist. The standard deviations actually 
increase from a range between 19.2 and 33.5 mg/cc to a range between 19.5 and 40.56 
mg/cc for the K2HPO4 rods and from 84.2 to 193.0 mg/cc for the glass rod. The glass rod 
performed worst with this normalization for the 64-slice Siemens scanner, roughly doubling 
the difference to the 16-slice Toshiba scanner.  
 
The calibration phantom and the method suggested by Mindways, Inc. are mainly 
used for estimation of the BMD of trabecular bone, the density of which lies within the 
limits of the calibration curve, i.e. between -51.8 to 375.8 mg/cc. On the other hand, for 
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estimation of cortical bone, the calibration curve needs to be extrapolated. For the current 
case, the glass rod, which is estimated to have a density similar to that of cortex, gives CT 
numbers within the range of 2,657.0 to 2,710.7 HU and corresponding densities between 
948.2 to 956.0 mg/cc using the GE scanners and 2,782.6 HU and 915.0 mg/cc for the 
Toshiba scanner. The range for the Siemens scanners was from 2,387.1 to 2,434.9 HU and 
1,038.9 to 1,141.3 mg/cc. Residual beam hardening effects along with scatter and partial-
volume effects make an accurate calibration of the cortex using the suggested method 
challenging [31].   
 
Strong ring artifacts were visible for images acquired using the Toshiba scanner. 
These could represent a reason for errors in the ROIs and the discrepancies seen with the 
Toshiba scanner.  
 
The BMD calibration slope is a function of the x-ray beam energy. The slope 
decreases with an increase in the average x-ray energy. The slopes for the 6 scanners under 
study vary because of this reason. The average effective energy of each scanner differs 
because of differences in the kind of filtration, x-ray tube etc. For instance, even though the 
Toshiba and GE scanners are operated at the same kVp setting, they have different 
calibration slopes, i.e., 1.73 for the Toshiba and 1.99 and 1.93 for the GE 16- and 64-slice 
scanners, respectively. This implies that the average energy for the Toshiba scanner is higher 
than that for the GE scanners. For the glass rod, due to its high density, the calibration is 
heavily influenced by the accuracy of the slope. Assuming a K2HPO4/H2O basis-material 
description, materials composed of K2HPO4 will more likely fall on the line defined by the 
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composition of the aqueous K2HPO4 standards; they will exhibit less energy dependence in 
the BMD estimates than other materials [31]. 
 
The presence of a cyclic pattern in the data collected using the current protocol was 
confirmed in this study. Even though the rods of the rod phantom and the Mindways 
calibration phantom are the same materials, differences in the average CT numbers as well as 
variations in the strength of the pattern for the two phantoms were observed. Since the rod 
phantom was placed on top of the Mindways calibration phantom, a distance of around 16 
cm exists between them. The height of the scan table was adjusted such that the rod 
phantom was at the isocenter. Thus, the center of the central rod of the calibration phantom 
was approximately 16 cm away from the isocenter, i.e. the center of the glass rod. This 
difference in the positioning of the two phantoms could be the possible cause for the 
inconsistencies observed in the measurement of CT numbers and hence densities.  
 
The densities calculated based on data with cyclic patterns embedded potentially 
gives an underestimation or overestimation of the true values, depending on the phase of the 
periodic pattern. Advantageously some kind of correction is applied to the data before being 
used for BMD analysis. The best case for a GE scanner would be to position the patient or 
object being scanned as close to the center of the reconstruction circle as possible. Data 
collected at the isocenter are not expected to show a cyclic pattern for the GE scanners. 
However, the Mindways phantom, positioned underneath the patient, will still show the 
cyclic pattern, and the calibrated data will be influenced by that. By using the averaging 
calibration method as opposed to using the slice-by-slice calibration approach the standard 
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deviations are reduced by 39.7% for rods A-E, and by 92.3% for the glass rod, for the 16-
slice GE scanner and by 72% for rods A-E and 71% for the glass rod for the 64-slice GE 
scanner (Table 4). The calibration method based on averaging over the number of slices 
covering the periodicity as suggested in Section 4.1, will prove helpful for the cases where a 
cyclic pattern exists. For all other cases like the 16- and 64-slice Siemens scanners, where no 
such pattern is found, the conventional slice-by-slice approach will suffice. 
 
As the periodicity is found to vary with pitch, the above mentioned averaging 
calibration (Section 4.5) must be adjusted according to the pitch used. The maximum 
difference in raw CT units was observed for the 64-slice GE scanner (8.63 HU) and in 
density values for the 4-slice Siemens scanner (19.2 mg/cc) (Tables A6.7 to A6.18). The 
densities obtained after imaging with different pitches can become comparable only if they 
are calibrated based on the actual periodicity. 
 
The most conservative precision numbers for density measurements for each 
scanner are listed in Table 5. The maximum differences of the immediate and delay scans 
compared to the original scans were used to estimate the repeatability performance of the 
scanners (Tables A2.1 to A2.14). The calibrated density differences for the K2HPO4 rods 
were within a range from 0.0053 mg/cc for rod D to 2.89 mg/cc for rod A. The glass rod 
showed the highest difference of 7.71 mg/cc (Siemens 64-slice scanner). The higher error 
values for the glass rod are due to the higher underlying density. Expressed as a relative error 
(0.03 to 0.85%), this value is in the same range as those of the higher density rods (rods E, D 
and sometimes rod C).  
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An estimate of the accuracy was made as given in Table 6. Since the rods and the 
compartments are made from the same material composition, any difference in their 
calculated densities should give an estimate of the validity of the calibration procedure. 
However, the height difference (~16 cm) in the position between the two phantoms will 
result in some additional errors and will be included in possible discrepancies. The 
differences vary from 0.57 to 2.89 mg/cc for all scanners.  
 
The addition of varying amounts of Plexiglas around the rods alters the CT numbers 
and hence the density, though no fixed trend is observed in the change of these values. The 
regions with the circular and narrow-base holders show smaller changes in the calibrated 
densities than those with the wide-base holder (1.75 mg/cc). The differences observed for 
the slices with the circular and the narrow-base holders are from 0.01 to 2.72 mg/cc. The 
largest difference is observed for the slices with the wide-base Plexiglas holder ranging from 
1.41 to 9.28 mg/cc for rods A-E. The glass rod shows an even larger difference of up to 9.69 
mg.cc (circular and narrow-base holders) and 24.21 mg/cc (wide-base holder).  
 
It was possible to explain the differences in the CT numbers observed in the table 
height experiment based on the presence of the bow-tie filter (Chapter 5). As the phantom is 
moved away from the COR, it is subject to higher-energy beams under certain x-ray tube 
positions.  Thus, the reconstructed HU values are higher for a phantom placed at or close to 
the isocenter of the gantry and lower as the phantom is moved away from the center (Figure 
67). The density values measured using the calibration phantom also follow the same trend 
but give quantitatively different values because of the difference in positioning.  
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For most of the experiments studied in this project, especially the repeatability, the 
percentage variation with varying amounts of Plexiglas material and the variation with 
change in pitch, the calibrated densities show lower variations than the raw CT numbers for 
each scanner. On the other hand the cross-comparison of scanners from different 
manufacturers gave differences higher than expected. Further corrections are necessary to 
resolve these inter-manufacturer differences. 
 
Table 20 summarizes the results from all experiments for all scanners. The errors 
listed represent the maximum measured errors. The glass rod was not used for this analysis.  
The maximum difference of the immediate and delay scans to the original scan was used to 
estimate the repeatability performance of the scanner (r) (Tables A2.1 to A2.14). The 
standard deviation (t) across the scan table is also listed, which is an additional error to be 
considered. A systematic difference exists in the presence of varying amounts of Plexiglas 
surrounding the phantom rods (d). This is an error that cannot easily be corrected and is an 
indication for errors to be expected for patients with varying fat content. Other systematic 
errors are because of the table extension, change of pitch and change of table height. These 
can be avoided by adhering to an appropriate scanning protocol.  
 
A combined error (e) using the three non-correctable errors, i.e. the repeatability 
error, the standard deviation along the table and the difference because of additional 
Plexiglas, can be calculated:  
                                                (12) 
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This combination of errors assumes them to be independent and randomly 
distributed. The error e was used to obtain an estimate of the allowable table height tolerance 
that would produce a difference in the mean densities of less than twice the error (2e spans -
e to +e). Starting from a table height of 0, the distance of the table height symmetrically 
above and below, within which the difference in calibrated densities was less than or the 
same as the error e, was chosen as the allowable table height tolerance. 
 
Table 20, indicates that the scanners from the same manufacturer, in general, show 
similar effects. The error e comprises all non-correctable errors and can be used as an 
estimate for the performance evaluation of the scanners. The difference between the various 
scanners is relatively small, the precision e ranging from 3.97 to 7.01 mg/cc for most 
scanners; the exception is the Toshiba scanner with a precision of 9.80 mg/cc. The standard 
deviation across the table includes a large number of slices. 
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Table 20: Summary table for all experiments. 
 
16-Slice GE 
Scanner 
64-Slice GE 
Scanner 
16-Slice 
Toshiba 
Scanner 
4-Slice 
Siemens 
Scanner 
16-Slice 
Siemens 
Scanner 
64-Slice 
Siemens 
Scanner 
Underlying Periodic 
Cycle 
15 
slices/cycle 
at Pitch = 
0.938 (varies 
with pitch) 
31 
slices/cycle at 
Pitch = 0.969 
(varies with 
pitch) 
15 
slices/cycle at 
Pitch = 1 
(varies with 
pitch) 
4 slices/cycle 
at Pitch = 1 
(varies with 
pitch) 
No cycle 
present 
No cycle 
present 
Short-Term 
Repeatability, r 
(mg/cc) 
0.67 1.48 1.36 1.28 0.96 2.89 
Standard Deviation 
over Table, t  
(mg/cc) 
1.76 1.97 2.85 3.16 3.59 3.62 
Systematic 
Difference with 
Plexiglas Material, d 
(mg/cc) 
5.14 6.56 9.28 2.40 1.41 1.62 
Error, e 
 
(mg/cc) 
5.47 7.01 9.80 4.17 3.97 4.91 
Systematic 
Difference between 
Table Extension and 
Table 
(mg/cc) 
3.60 2.25 9.73 6.76 6.95 1.70 
Systematic 
Difference with Pitch 
(mg/cc) 
3.86 2.89 1.86 1.25 1.41 2.03 
Tolerance of Table 
Height 
(mm) 
40 80 60 40 NSD* 20 
*Not sufficient data 
  
In order to take into account the slice-to-slice variation for single-slice evaluations, 
an extra term, sssd, giving the standard deviation for a single-slice needs to be added to the 
error e: 
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                                       (13) 
 
  The errors r, t and d can be obtained from Table 20 and sssd from Table 21. If 
the evaluation involves an average over n slices, the error term  needs to be replaced with 
mssd: 
                                                                               (14) 
 
resulting in the combined error e3: 
 
                                                                                      (15) 
 
Table 21: Errors including the slice-to-slice variation and the variation produced by 
averaging slices over a 2-cm long section. 
 
16-Slice 
GE 
Scanner 
64-Slice 
GE 
Scanner 
16-Slice 
Toshiba 
Scanner 
4-Slice 
Siemens 
Scanner 
16-Slice 
Siemens 
Scanner 
64-Slice 
Siemens 
Scanner 
# of Slices 
Corresponding to a  2 
cm Section 
30 31 45 8 32 32 
Single-Slice Evaluation 
 
(mg/cc) 
1.55 1.89 2.86 1.33 4.35 4.36 
Error,  
 
(mg/cc) 
5.69 7.26 10.21 4.37 5.89 6.56 
Multiple-Slice 
Evaluation 
 
(mg/cc) 
0.28 0.34 0.43 0.47 0.77 0.77 
Error,  
 
(mg/cc) 
5.48 7.01 9.81 4.19 4.05 4.96 
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 The best estimate for precision as given in the literature is around 1.4 mg/cc for the 
single–slice GE scanner [4]. This error estimate is quoted for the best performance, whereas 
the errors quoted in Table 20 represent a worst case. Thus, even though the error values 
obtained in Tables 20 and 21 are higher than this quoted number, a direct comparison might 
not be appropriate.  The error values obtained in Tables 20 and 21 are higher than this 
quoted number. As can be observed from Table 21, the slice-to-slice deviation is small, and 
hence e1 and e2 are not very different. Using a stack of slices equivalent to 2 cm thickness, 
which represents the central portion of a single vertebra, decreases the standard deviation. 
Tables 20 and 21 show that the errors for the GE and Toshiba scanners are higher than 
those for the Siemens scanners. Also, looking at Table 7, it can be observed that the best 
accuracy was given by the Siemens scanners, especially the 4-slice Siemens scanner, with the 
difference between the calibrated densities of the rods and compartments varying from 0.05 
to 1.21 mg/cc. Toshiba gave the highest accuracy error ranging from -34.5 to -53.1 mg/cc. 
For all other scanners the range was from 0.3 to 29.6 mg/cc.  
   
From this study, it can be concluded that MSCT can be used as technique for 
quantitative analysis of bone density, provided careful scanning protocols are set and proper 
precautions are taken. Based on the scanner manufacturer and scanner design, a few points 
for consideration are listed as follows: 
 
 If the presence of a cyclic pattern is confirmed for a given scanner, calibration needs 
to be performed by combining the number of adjacent slices making up one cycle. 
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 The presence of an air gap between the patient or the object being scanned and the 
calibration phantom must be avoided to avoid streaks. 
 For all scanners, scanning over the table extension must be avoided. 
 The patient or object should be placed as close to the isocenter as possible while 
scanning. 
 Changes in pitch should be avoided for follow-up scans as the cyclic pattern is pitch 
dependent, the calibration method must be adjusted to the pitch. 
 
The Fourier transform-autocorrelation algorithm to search for a cyclic pattern within 
the data could be further improved by automating it. The current algorithm searches for 
repetition of a consistent peak-to-peak distance. On the other hand, if one of the peaks is 
shifted by, say, 1 slice to the right, this shift might be compensated by the next peak with a 
shift by 1 to the left. The current algorithm would count neither peak as part of the 
repetition percentage calculation. A more lenient threshold could be set to make sure that 
we do not miss a repetition signal, if present. Also, using the calibrated frequency to analyze 
the Fourier transform would prove beneficial.  
 
As part of future work on this project, repeating the same experiments for the same 
model scanners stationed at different places should be performed to confirm the concepts 
and results stated above. Also, to get a better hold of the repeatability in the “real” world, 
taking scans using the same system but at larger time intervals will better mimic the actual 
follow-up time interval for a patient. 
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Calibration was expected to reduce the scanner-to-scanner variability based on 
differences in the protocol (kVp and mAs). Since this was not as effective as expected 
(Section 4.2), further investigations are warranted. Scanning with a common parameter set 
across all scanners as well as scanning at different settings for each scanner would confirm 
the effect of the voltage setting on the variability across scanners. 
 
A detailed study of the Mindways calibration procedure and the various effects 
associated with it would help suggest possible corrections for residual errors prevalent in the 
system. The FUC number correction is one such area.  
 
Since we did not have knowledge of the reconstruction algorithms for the different 
scanners, algorithm-specific effects could not be verified. Simulations using the different 
reconstruction algorithms would help pinpoint the reasons for the differences observed. 
Also, variations with non-uniformity in the object being scanned need to be tested. In other 
words, a modification of the phantom, such that it matches the human body more closely, 
would be able to help comment on the validity of using MSCT for QCT with more 
confidence. As the calibration phantom will always be placed below the patient, a difference 
in the position, i.e. difference in the distance from the COR, between the ROI within the 
patient and the phantom ROIs will always exist. In order to mimic this effect, it is suggested 
to perform experiments by varying the distance between the rod phantom and the 
calibration phantom. This would help show the differences in the densities measured as well 
as the nature and amplitude of the cyclic pattern within the data collected for lean to fat 
patients. 
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The Toshiba scanner has shown results reverse of what was seen with other 
scanners. Poor detector calibration could be one of the reasons for this. A detailed study of 
the Toshiba scanners, especially the 16-slice Aqcuilion, might help explain the anomalies 
occurring in that scanner.  
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APPENDIX A1 
Drawings of Phantom 
Dimensional drawing of the cylindrical tank [24]. 
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APPENDIX A2 
Periodicity of Slices 
A measure of the periodicity in the units of slices per cycle, repetition of the peaks in the autocorrelation plot (%) and the 
amplitude for the original stack of images for all of the 11 ROIs, for each of the 6 scanners. 
 
Table A2.1: GE and the Toshiba scanners. 
 
  
Phantom Rods 
16-Slice GE, Pitch = 0.969 64-Slice GE, Pitch = 0.938 16-Slice Toshiba, Pitch = 1 
Periodicity 
(slices/cycle) 
Repetition 
(%) 
(%) 
Periodicity 
(slices/cycle) 
Repetition 
(%) 
 
(%) 
Periodicity 
(slices/cycle) 
Repetition 
(%) 
  
(%) 
Compartment E 15 76.1 0.24 31 84.8 0.82 15 20.4 0.42 
Compartment D 15 69.4 0.18 31 82.4 0.64 15 30.1 0.68 
Compartment C 15 54.3 0.22 31 16.7 0.21 15 62.0 0.88 
Compartment B 15 61.9 0.24 31 58.8 0.35 15 43.6 1.26 
Compartment A 15 52.1 0.29 31 58.8 0.60 15 21.5 0.85 
Rod E 15 50.7 0.10 31 9.5 0.09 15 75.8 0.39 
Rod D 15 55.5 0.08 31 7.4 0.05 15 86.7 0.53 
Rod C 15 20.1 0.03 31 7.7 0.08 15 73.3 0.33 
Rod B 15 39.4 0.03 31 12.1 0.07 15 76.4 0.64 
Rod A 14 69.2 0.09 31 6.5 0.13 15 63.6 1.09 
Glass Rod 15 6.9 0.04 31 14.3 0.04 15 73.6 0.60 
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Table A2.2: Siemens scanners. 
Phantom Rods 
4-Slice Siemens, Pitch = 1 16-Slice Siemens, Pitch = 1 64-Slice Siemens, Pitch = 1 
Periodicity 
(slices/cycle) 
Repetition  
(%) 
  
(%) 
Periodicity 
(slices/cycle) 
Repetition  
(%) 
  
(%) 
Periodicity 
(slices/cycle) 
Repetition 
(%) 
  
(%) 
Compartment E 4 48.9 0.03 7 42.3 0.04 32 50.0 0.08 
Compartment D 4 69.6 0.05 9 21.5 0.05 31 16.7 0.03 
Compartment C 4 40.0 0.02 7 39.0 0.06 30 16.7 0.05 
Compartment B 4 61.2 0.05 7 25.9 0.07 31 26.1 0.04 
Compartment A 4 50.9 0.03 7 29.2 0.04 30 20.0 0.05 
Rod E 4 48.8 0.02 8 24.8 0.03 31 29.4 0.06 
Rod D 4 61.5 0.02 6 33.6 0.02 32 25.0 0.05 
Rod C 4 48.9 0.01 8 25.6 0.02 32 25.0 0.12 
Rod B 3 40.7 0.03 7 35.1 0.04 32 6.1 0.09 
Rod A 4 41.9 0.02 7 37.8 0.01 35 20.0 0.14 
Glass Rod 4 57.8 0.05 7 32.3 0.03 34 20.0 0.06 
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APPENDIX A3 
Repeatability 
Mean of the raw CT numbers and the calibrated densities for the central slices with no 
Plexiglas surrounding the rods for the first stack of images (Tables A3.1 – A3.2). Tables A3.3 to 
A3.14 show the absolute and relative differences between the original and the repeated stacks 
(immediate and delay) for both the uncalibrated CT numbers and the calibrated densities. The 
number of slices was chosen based on the periodicity prevalent for that scanner. For comparison, 
the standard deviations and coefficients of variation of the values obtained in the first stack are also 
given. 
 Table A3.1: Mean raw CT numbers for the 11 ROIs using all 6 six scanners. 
 
Phantom Rods 
Average CT Number (HU) 
16-Slice GE 64-Slice GE 
16-Slice 
Toshiba 
4-Slice 
Siemens 
16-Slice 
Siemens 
64-Slice 
Siemens 
Compartment E 1697.8 1677.2 965.9 1532.3 1529.8 1471.1 
Compartment D 1450.7 1440.0 754.2 1393.6 1390.3 1356.2 
Compartment C 1244.5 1244.6 574.5 1224.5 1222.8 1202.7 
Compartment B 972.2 982.2 350.2 997.7 996.6 992.9 
Compartment A 930.6 943.0 324.2 954.4 952.8 954.1 
Rod E 1717.4 1704.0 910.9 1528.9 1527.0 1507.0 
Rod D 1470.7 1460.9 689.6 1393.4 1391.5 1380.0 
Rod C 1250.9 1249.9 507.6 1224.6 1225.2 1222.0 
Rod B 976.2 980.1 274.9 1003.3 1002.0 1002.7 
Rod A 931.2 936.5 239.5 959.6 959.5 960.5 
Glass Rod 2710.7 2657.1 2782.6 2434.9 2414.2 2387.1 
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Table A3.2: Mean calibrated densities in units of equivalent K2HPO4 for the 6 ROIs of the 6 six 
scanners. 
Phantom 
Rods 
Average Calibrated Equivalent Density (mg/cc) 
SD 
(mg/cc) 
C
CV 
(%) 
 
16-Slice 
GE 
64-Slice 
GE 
16-Slice 
Toshiba 
4-Slice 
Siemens 
16-Slice 
Siemens 
64-Slice 
Siemens 
Rod E 390.9 397.0 351.2 375.4 376.1 409.9 20.5 5.3 
Rod D 252.3 254.5 204.0 274.2 274.9 304.5 33.5 12.9 
Rod C 129.0 130.8 83.0 148.5 150.6 173.1 30.4 22.4 
Rod B -25.2 -27.3 -71.8 -16.4 -16.1 -9.1 22.6 81.8 
Rod A -50.5 -52.9 -95.3 -49.0 -47.9 -44.2 19.2 33.8 
Glass Rod 948.2 956.0 915.0 1050.3 1038.9 1141.3 84.2 8.4 
 
 
 
Note: 
   Xo: Mean of CT numbers of 11 ROIs from first stack of images 
   Xi :  Mean of CT numbers from the stack taken immediately after the original stack  
   Xd:  Mean of CT numbers from the stack taken after a cooling time of 5 minutes 
 
Table A3.3: Uncalibrated numbers; 135 slices; 16-slice GE LightSpeed Scanner. 
Phantom Rods 
Absolute 
Difference     
(Xi– Xo) 
(HU) 
Relative 
Difference 
–
 
(%) 
Absolute 
Difference 
(Xd– Xo) 
(HU) 
Relative 
Difference 
–
 
(%) 
SD of 
Original   
Stack,  
(HU) 
CV of 
Original 
Stack,  
 
(%) 
Compartment E -1.26 -0.07 -1.11 -0.07 4.69 0.28 
Compartment D -0.19 -0.01 -0.14 -0.01 4.40 0.30 
Compartment C -1.16 -0.09 -1.08 -0.09 4.41 0.35 
Compartment B -0.02 0.00 -0.45 -0.05 4.22 0.43 
Compartment A -0.55 -0.06 0.32 0.03 3.81 0.41 
Rod E 0.13 0.01 -0.40 -0.02 2.79 0.16 
Rod D -0.10 -0.01 -0.78 -0.05 2.77 0.19 
Rod C -0.50 -0.04 -0.44 -0.04 2.56 0.20 
Rod B 0.33 0.03 -0.23 -0.02 2.26 0.23 
Rod A 0.26 0.03 0.47 0.05 1.93 0.21 
Glass Rod -2.40 -0.09 -0.55 -0.02 5.84 0.22 
Mean -0.50 -0.03 -0.40 -0.03   
Standard 
Deviation 
-0.82 -0.05 -0.5 -0.04   
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Table A3.4: Calibrated numbers; 135 slices; 16-slice GE LightSpeed scanner. 
Phantom Rods 
Absolute 
Difference     
(Xi– Xo) 
(mg/cc) 
Relative 
Difference 
–
 
(%) 
Absolute 
Difference 
(Xd– Xo) 
(mg/cc) 
Relative 
Difference 
–
 
(%) 
SD of 
Original   
Stack,  
(mg/cc) 
CV of 
Original 
Stack,  
 
(%) 
Rod E 0.67 0.17 0.35 0.09 1.76 0.45 
Rod D 0.42 0.17 -0.01 0.00 1.60 0.63 
Rod C 0.09 0.07 0.06 0.04 1.47 1.14 
Rod B 0.43 -1.69 0.02 -0.09 1.39 5.50 
Rod A 0.37 -0.72 0.38 -0.76 1.23 2.44 
Glass Rod -0.28 -0.03 0.84 0.09 4.03 0.43 
Mean 0.28 -0.34 0.27 -0.1   
Standard 
Deviation 
-0.33 -0.74 -0.33 -0.33   
 
 
Table A3.5: Uncalibrated numbers; 93 slices; 64-slice GE VCT scanner. 
 
Phantom Rods 
Absolute 
Difference     
(Xi– Xo) 
(HU) 
Relative 
Difference 
–
 
(%) 
Absolute 
Difference 
(Xd– Xo) 
(HU) 
Relative 
Difference 
–
 
(%) 
SD of 
Original   
Stack,  
(HU) 
CV of 
Original 
Stack,  
 
(%) 
Compartment E -0.11 -0.01 1.07 0.06 14.41 0.86 
Compartment D 0.60 0.04 0.82 0.06 10.92 0.76 
Compartment C -0.46 -0.04 -0.85 -0.07 6.96 0.56 
Compartment B 0.07 0.01 -1.27 -0.13 6.98 0.71 
Compartment A -0.16 -0.02 0.13 0.01 8.41 0.89 
Rod E -1.33 -0.08 -1.21 -0.07 3.25 0.19 
Rod D -0.78 -0.05 -0.28 -0.02 3.23 0.22 
Rod C 1.31 0.10 0.07 0.01 2.82 0.23 
Rod B -0.31 -0.03 -0.05 -0.01 3.32 0.34 
Rod A 0.40 0.04 0.27 0.03 3.38 0.36 
Glass Rod 2.28 0.09 1.24 0.05 6.53 0.25 
Mean 0.14 0.01 -0.01 -0.01   
Standard 
Deviation 
-1.00 -0.06 -0.86 -0.06   
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Table A3.6: Calibrated numbers; 93 slices; 64-slice GE VCT scanner. 
Phantom Rods 
Absolute 
Difference     
(Xi– Xo) 
(mg/cc) 
Relative 
Difference 
–
 
(%) 
Absolute 
Difference 
(Xd– Xo) 
(mg/cc) 
Relative 
Difference 
–
 
(%) 
SD of 
Original   
Stack,  
(mg/cc) 
CV of 
Original 
Stack,  
 
(%) 
Rod E -1.31 -0.33 -1.48 -0.37 1.96 0.49 
Rod D -0.31 -0.12 -0.53 -0.21 1.60 0.63 
Rod C 0.55 0.42 -0.03 -0.02 1.54 1.17 
Rod B -0.05 0.18 0.55 -2.04 1.97 7.28 
Rod A 0.57 -1.07 0.78 -1.47 1.69 3.20 
Glass Rod -0.08 -0.01 -2.07 -0.22 3.94 0.41 
Mean -0.10 -0.16 -0.46 -0.72     
Standard 
Deviation 
-0.69 -0.52 -1.13 -0.83     
 
 
Table A3.7: Uncalibrated numbers; 120 slices; 16-slice Aquilion Toshiba scanner. 
 
Phantom Rods 
Absolute 
Difference     
(Xi– Xo) 
(HU) 
Relative 
Difference 
–
 
(%) 
Absolute 
Difference 
(Xd– Xo) 
(HU) 
Relative 
Difference 
–
 
(%) 
SD of 
Original   
Stack,  
(HU) 
CV of 
Original 
Stack,  
 
(%) 
Compartment E 0.34 0.02 3.00 0.15 4.85 0.24 
Compartment D 0.90 0.05 2.15 0.12 3.39 0.19 
Compartment C 0.09 0.01 1.63 0.10 2.95 0.18 
Compartment B -1.50 -0.11 -0.62 -0.05 3.13 0.23 
Compartment A -1.84 -0.14 -2.00 -0.15 2.82 0.21 
Rod E 2.99 0.16 4.49 0.23 3.78 0.20 
Rod D 0.66 0.04 0.66 0.04 3.18 0.19 
Rod C -0.35 -0.02 -0.47 -0.03 3.25 0.21 
Rod B 0.00 0.00 -0.60 -0.05 4.23 0.33 
Rod A -0.97 -0.08 -1.06 -0.08 2.63 0.21 
Glass Rod -1.43 -0.05 -2.64 -0.10 7.94 0.29 
Mean -0.10 -0.01 0.41 0.02     
Standard 
Deviation 
-1.38 -0.08 -2.19 -0.12     
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Table A3.8: Calibrated numbers; 120 slices; 16-slice Aquilion Toshiba scanner. 
Phantom Rods 
Absolute 
Difference     
(Xi– Xo) 
(mg/cc) 
Relative 
Difference 
–
 
(%) 
Absolute 
Difference 
(Xd– Xo) 
(mg/cc) 
Relative 
Difference 
–
 
(%) 
SD of 
Original   
Stack,  
(mg/cc) 
CV of 
Original 
Stack,  
 
(%) 
Rod E 1.36 0.39 0.71 0.20 2.57 0.73 
Rod D 0.33 0.16 -0.83 -0.41 2.14 1.05 
Rod C 0.08 0.09 -0.76 -0.92 2.15 2.60 
Rod B 0.84 -1.17 0.19 -0.27 2.85 3.97 
Rod A 0.28 -0.29 0.05 -0.05 1.82 1.91 
Glass Rod -3.52 -0.38 -7.81 -0.85 5.59 0.61 
Mean -0.11 -0.20 -1.41 -0.38     
Standard 
Deviation 
-1.74 -0.56 -3.19 -0.44     
 
 
Table A3.9: Uncalibrated numbers; 20 slices; 4-slice Sensation Siemens scanner. 
Phantom Rods 
Absolute 
Difference     
(Xi– Xo) 
(HU) 
Relative 
Difference 
–
 
(%) 
Absolute 
Difference 
(Xd– Xo) 
(HU) 
Relative 
Difference 
–
 
(%) 
SD of 
Original   
Stack,  
(HU) 
CV of 
Original 
Stack,  
 
(%) 
Compartment E -0.35 -0.02 -0.07 0.00 1.36 0.09 
Compartment D -0.41 -0.03 -0.75 -0.05 1.46 0.10 
Compartment C -0.34 -0.03 -1.94 -0.16 1.28 0.10 
Compartment B -0.42 -0.04 -1.07 -0.11 1.90 0.19 
Compartment A -0.16 -0.02 -0.07 -0.01 1.41 0.15 
Rod E 0.25 0.02 1.40 0.09 1.24 0.08 
Rod D -1.13 -0.08 0.02 0.00 1.93 0.14 
Rod C 0.09 0.01 0.33 0.03 1.34 0.11 
Rod B -0.14 -0.01 -1.45 -0.14 1.27 0.13 
Rod A 0.14 0.02 -2.18 -0.23 1.45 0.15 
Glass Rod -1.47 -0.06 2.60 0.11 3.47 0.14 
Mean -0.36 -0.02 -0.29 -0.04     
Standard 
Deviation 
-0.52 -0.03 -1.42 -0.11     
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Table A3.10: Calibrated numbers; 20 slices; 4-slice Sensation Siemens scanner. 
Phantom Rods 
Absolute 
Difference     
(Xi– Xo) 
(mg/cc) 
Relative 
Difference 
–
 
(%) 
Absolute 
Difference 
(Xd– Xo) 
(mg/cc) 
Relative 
Difference 
–
 
(%) 
SD of 
Original   
Stack,  
(mg/cc) 
CV of 
Original 
Stack,  
 
(%) 
Rod E 0.57 0.15 1.28 0.34 1.04 0.28 
Rod D -0.50 -0.18 0.36 0.13 1.23 0.45 
Rod C 0.36 0.24 0.73 0.49 0.98 0.66 
Rod B 0.12 -0.73 -0.41 2.51 0.94 5.73 
Rod A 0.32 -0.66 -0.91 1.86 1.08 2.20 
Glass Rod -0.44 -0.04 1.42 0.13 3.16 0.30 
Mean 0.07 -0.20 0.41 0.91     
Standard 
Deviation 
-0.44 -0.41 -0.93 -1.02     
 
 
Table A3.11: Uncalibrated numbers; 112 slices; 16-slice Sensation Siemens scanner. 
Phantom Rods 
Absolute 
Difference     
(Xi– Xo) 
(HU) 
Relative 
Difference 
–
 
(%) 
Absolute 
Difference 
(Xd– Xo) 
(HU) 
Relative 
Difference 
–
 
(%) 
SD of 
Original   
Stack,  
(HU) 
CV of 
Original 
Stack,  
 
(%) 
Compartment E -0.14 -0.01 0.29 0.02 3.97 0.26 
Compartment D 0.13 0.01 -0.36 -0.03 3.15 0.23 
Compartment C -0.19 -0.02 -0.49 -0.04 2.87 0.23 
Compartment B -0.64 -0.06 -0.26 -0.03 3.20 0.32 
Compartment A -0.71 -0.07 0.36 0.04 2.89 0.30 
Rod E -0.01 0.00 -0.99 -0.06 3.48 0.23 
Rod D 1.23 0.09 0.40 0.03 3.27 0.23 
Rod C -0.65 -0.05 0.00 0.00 3.39 0.28 
Rod B -0.08 -0.01 0.15 0.01 3.59 0.36 
Rod A 0.26 0.03 0.32 0.03 3.02 0.31 
Glass Rod 0.09 0.00 -1.24 -0.05 6.90 0.29 
Mean -0.07 -0.01 -0.17 -0.01     
Standard 
Deviation 
-0.54 -0.05 -0.56 -0.04     
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Table A3.12: Calibrated numbers; 112 slices; 16-slice Sensation Siemens scanner. 
Phantom Rods 
Absolute 
Difference     
(Xi– Xo) 
(mg/cc) 
Relative 
Difference 
–
 
(%) 
Absolute 
Difference 
(Xd– Xo) 
(mg/cc) 
Relative 
Difference 
–
 
(%) 
SD of 
Original   
Stack,  
(mg/cc) 
CV of 
Original 
Stack,  
 
(%) 
Rod E -0.07 -0.02 -0.78 -0.21 3.48 0.23 
Rod D 0.96 0.35 0.29 0.11 3.27 0.23 
Rod C -0.31 -0.21 0.05 0.03 3.39 0.28 
Rod B 0.29 -1.81 0.22 -1.37 3.59 0.36 
Rod A 0.58 -1.20 0.36 -0.74 3.02 0.31 
Glass Rod -0.71 -0.07 -1.23 -0.12 6.90 0.29 
Mean 0.12 -0.49 -0.18 -0.38     
Standard 
Deviation 
-0.61 -0.83 -0.66 -0.57     
 
 
Table A3.13: Uncalibrated numbers; 128 slices; 64-slice Sensation Siemens scanner. 
Phantom Rods 
Absolute 
Difference     
(Xi– Xo) 
(HU) 
Relative 
Difference 
–
 
(%) 
Absolute 
Difference 
(Xd– Xo) 
(HU) 
Relative 
Difference 
–
 
(%) 
SD of 
Original   
Stack,  
(HU) 
CV of 
Original 
Stack,  
 
(%) 
Compartment E -3.13 -0.21 -2.08 -0.14 3.08 0.21 
Compartment D -3.66 -0.27 -1.73 -0.13 2.67 0.20 
Compartment C -1.92 -0.16 -0.51 -0.04 3.40 0.28 
Compartment B -1.28 -0.13 -0.91 -0.09 3.42 0.34 
Compartment A -1.00 -0.10 0.32 0.03 3.13 0.33 
Rod E -2.00 -0.13 -1.89 -0.13 3.48 0.23 
Rod D -1.18 -0.09 -1.89 -0.14 2.96 0.21 
Rod C -1.47 -0.12 -2.27 -0.19 3.28 0.27 
Rod B 1.53 0.15 1.64 0.16 3.07 0.31 
Rod A 2.01 0.21 1.49 0.16 3.62 0.38 
Glass Rod 1.52 0.06 0.09 0.00 6.83 0.29 
Mean -0.96 -0.07 -0.70 -0.05     
Standard 
Deviation 
-1.89 -0.15 -1.43 -0.12     
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Table A3.14: Calibrated numbers; 128 slices; 64-slice Sensation Siemens scanner. 
Phantom Rods 
Absolute 
Difference     
(Xi– Xo) 
(mg/cc) 
Relative 
Difference 
–
 
(%) 
Absolute 
Difference 
(Xd– Xo) 
(mg/cc) 
Relative 
Difference 
–
 
(%) 
SD of 
Original   
Stack,  
(mg/cc) 
CV of 
Original 
Stack,  
 
      (%) 
Rod E 1.55 0.38 0.43 0.11 3.48 0.23 
Rod D 1.77 0.58 0.03 0.01 2.96 0.21 
Rod C 0.94 0.54 -0.79 -0.46 3.28 0.27 
Rod B 2.65 -28.99 1.80 -19.71 3.07 0.31 
Rod A 2.89 -6.55 1.54 -3.49 3.62 0.38 
Glass Rod 7.71 0.68 4.86 0.43 6.83 0.29 
Mean 2.92 -5.56 1.31 -3.85     
Standard 
Deviation 
-2.46 -11.82 -1.99 -7.90     
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APPENDIX A4 
Dependence on Amount of Plexiglas Material 
 
Differences of the CT numbers of the compartments and rods as well as the calibrated 
densities measured in the sections containing the Plexiglas holders relative to the section without a 
Plexiglas holder. Averages were obtained over the modulus of the underlying periodicity. For 
comparison, the standard deviations and coefficients of variation are given for the section without a 
Plexiglas holder. 
 
Note: 
 
Xno: Mean of CT numbers for the slices with no Plexiglas surrounding the rods  
Xc   : Mean of CT numbers for the slices with the circular Plexiglas surrounding the rods 
  Xn : Mean of CT numbers for the slices with the narrow-base Plexiglas surrounding the rods 
Xw  : Mean of CT numbers for the slices with the wide-base Plexiglas surrounding the rods  
Xo   : Mean of CT numbers for the entire stack 
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Table A4.1: CT numbers; 45 slice averages; 16-slice GE LightSpeed scanner. 
 
Table A4.2: Calibrated densities; 45 slice averages; 16-slice GE LightSpeed scanner. 
Phantom 
Rods 
 
(mg/cc) 
 
 
(%) 
 
(mg/cc) 
 
 
(%) 
 
(mg/cc) 
 
 
SD of 
Original   
Stack,  
(mg/cc) 
CV of 
Original 
Stack, 
 
 
(%) 
Rod E 1.26 0.32 1.97 0.50 -5.14 -1.31 2.73 0.50 
Rod D 0.71 0.28 0.81 0.32 -3.30 -1.31 2.80 0.73 
Rod C 0.92 0.72 -0.20 -0.15 -0.78 -0.60 2.38 1.14 
Rod B 0.03 -0.13 -0.48 1.93 1.89 -7.51 2.26 5.27 
Rod A -0.55 1.09 -1.14 2.27 3.29 -6.54 1.72 2.06 
Glass Rod -1.10 -0.12 -1.48 -0.16 -24.22 -2.55 6.14 0.48 
Mean 0.21 0.36 -0.09 0.79 -4.71 -3.30     
Standard 
Deviation 
0.91 0.48 1.28 1.06 10.06 2.97     
 
 
 
Phantom Rods 
 
( HU ) 
 
 
(%) 
 
( HU ) 
 
 
(%) 
 
( HU ) 
 
(%) 
SD of 
Original   
Stack, 
 
( HU ) 
CV of 
Original 
Stack, 
 
  
(%) 
Compartment E 0.06 0.00 1.43 0.08 15.37 0.91 5.00 0.29 
Compartment D 3.69 0.25 3.01 0.21 8.75 0.60 4.75 0.33 
Compartment C -0.21 -0.02 -0.26 -0.02 -2.72 -0.22 4.68 0.38 
Compartment B -0.87 -0.09 1.36 0.14 -5.90 -0.61 3.94 0.41 
Compartment A -1.94 -0.21 2.07 0.22 -3.63 -0.39 3.97 0.43 
Rod E 3.86 0.22 4.97 0.29 7.40 0.43 2.73 0.16 
Rod D 2.23 0.15 2.95 0.20 3.92 0.27 2.80 0.19 
Rod C 2.02 0.16 1.20 0.10 2.45 0.20 2.38 0.19 
Rod B -0.28 -0.03 0.74 0.08 -0.25 -0.03 2.26 0.23 
Rod A -1.44 -0.15 -0.42 -0.05 1.07 0.12 1.72 0.18 
Glass Rod 2.28 0.08 -1.34 -0.05 -0.05 0.00 6.14 0.23 
Mean 0.85 0.03 1.43 0.11 2.40 0.12   
Standard 
Deviation 
2.04 0.15 1.80 0.11 6.18 0.44   
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Table A4.3: CT numbers; 31 slice averages; 64-slice GE LightSpeed scanner. 
Phantom Rods 
 
(HU) 
 
 
(%) 
 
(HU) 
 
 
(%) 
 
(HU) 
 
 
SD of 
Original   
Stack, 
 
(HU) 
CV of 
Original 
Stack, 
 
 
(%) 
Compartment E 3.74 0.22 7.20 0.43 1.24 0.07 15.38 0.92 
Compartment D 1.23 0.09 2.05 0.14 5.18 0.36 11.62 0.81 
Compartment C -2.72 -0.22 -3.70 -0.30 -3.26 -0.26 6.73 0.54 
Compartment B -1.57 -0.16 -1.23 -0.13 -10.51 -1.07 8.06 0.82 
Compartment A 2.57 0.27 1.06 0.11 -11.37 -1.21 9.43 1.00 
Rod E 6.48 0.38 5.43 0.32 8.05 0.47 3.09 0.18 
Rod D 3.12 0.21 5.94 0.41 7.08 0.48 3.13 0.21 
Rod C 2.16 0.17 2.83 0.23 5.80 0.46 2.34 0.19 
Rod B 1.50 0.15 0.87 0.09 3.18 0.33 3.37 0.34 
Rod A 2.81 0.30 1.53 0.16 3.07 0.33 2.57 0.27 
Glass Rod -0.22 -0.01 -0.50 -0.02 11.33 0.43 5.74 0.22 
Mean 1.74 0.13 1.95 0.13 1.80 0.04     
Standard 
Deviation 
2.56 0.19 3.26 0.22 7.35 0.62     
 
Table A4.4: Calibrated densities; 31 slice averages; 64-slice GE LightSpeed scanner. 
Phantom 
Rods 
 
(mg/cc) 
 
 
(%) 
 
(mg/cc) 
 
 
(%) 
 
(mg/cc) 
 
 
SD of 
Original   
Stack,  
(mg/cc) 
CV of 
Original 
Stack, 
 
 
(%) 
Rod E 2.12 0.53 -0.31 -0.08 1.95 0.49 3.09 0.49 
Rod D 0.68 0.27 1.50 0.59 3.74 1.47 3.13 0.67 
Rod C 0.58 0.45 1.02 0.78 5.07 3.88 2.34 1.02 
Rod B 0.78 -2.82 1.57 -5.64 6.19 -22.25 3.37 7.35 
Rod A 1.64 -3.04 2.23 -4.13 6.56 -12.15 2.57 3.04 
Glass Rod -3.87 -0.41 -9.69 -1.02 -5.44 -0.57 5.74 0.36 
Mean 0.32 -0.84 -0.62 -1.58 3.01 -4.86     
Standard 
Deviation 
2.14 1.66 4.53 2.68 4.47 10.19     
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Table A4.5: CT numbers; 60 slice averages; 16-slice Aquilion, Toshiba scanner. 
Phantom Rods  
(HU) 
 
 
(%) 
 
(HU) 
 
 
(%) 
 
(HU) 
 
 
SD of 
Original   
Stack, 
 
(HU) 
CV of 
Original 
Stack, 
 
 
(%) 
Compartment E 2.18 0.109 9.58 0.482 -2.98 -0.150 7.95 0.82 
Compartment D 2.74 0.154 3.45 0.194 -2.95 -0.166 5.09 0.67 
Compartment C -0.02 -0.002 1.50 0.094 -0.85 -0.053 3.70 0.64 
Compartment B 0.64 0.046 0.34 0.025 -4.02 -0.292 3.73 1.07 
Compartment A -1.34 -0.099 -2.04 -0.151 -1.33 -0.098 3.55 1.10 
Rod E -0.87 -0.045 -2.31 -0.119 10.98 0.567 6.58 0.72 
Rod D 1.55 0.090 3.56 0.208 5.57 0.325 3.73 0.54 
Rod C 0.18 0.012 -1.10 -0.072 1.14 0.075 3.33 0.66 
Rod B 0.16 0.012 0.05 0.004 -2.56 -0.197 4.11 1.50 
Rod A -3.61 -0.285 -3.05 -0.241 -3.07 -0.243 3.02 1.27 
Glass Rod 7.11 0.256 20.23 0.727 6.38 0.229 10.01 0.57 
Mean 0.79 0.023 2.75 0.104 0.57 0.000   
Standard 
Deviation 
2.73 0.141 6.82 0.288 4.92 0.270   
 
Table A4.6: Calibrated densities; 60 slice averages; 16-slice Aquilion, Toshiba scanner. 
Phantom 
Rods 
 
(mg/cc) 
 
 
(%) 
 
(mg/cc) 
 
 
(%) 
 
(mg/cc) 
 
 
SD of 
Original   
Stack,  
(mg/cc) 
CV of 
Original 
Stack, 
 
 
(%) 
Rod E -2.35 -0.67 -7.23 -2.05 9.28 2.64 6.58 0.65 
Rod D -0.05 -0.02 -1.04 -0.51 5.50 2.70 3.73 1.09 
Rod C -0.38 -0.46 -2.17 -2.62 2.40 2.90 3.33 2.58 
Rod B 0.35 -0.49 1.03 -1.44 -0.26 0.36 4.11 3.93 
Rod A -2.04 2.14 -0.63 0.66 -0.62 0.66 3.02 1.95 
Glass Rod 0.25 0.03 -1.39 -0.15 6.90 0.75 10.01 0.62 
Mean -0.70 0.09 -1.90 -1.02 3.87 1.67     
Standard 
Deviation 
1.19 1.04 2.82 1.24 4.01 1.19     
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Table A4.7: CT numbers; 12 slice averages; 4-slice Sensation, Siemens scanner. 
Phantom Rods  
(HU) 
 
 
(%) 
 
(HU) 
 
 
(%) 
 
(HU) 
 
 
SD of 
Original   
Stack, 
 
(HU) 
CV of 
Original 
Stack, 
 
 
(%) 
Compartment E 0.91 0.06 2.58 0.17 0.68 0.04 1.36 0.09 
Compartment D 1.89 0.14 2.54 0.18 1.59 0.11 1.46 0.10 
Compartment C 0.72 0.06 1.47 0.12 -0.29 -0.02 1.28 0.10 
Compartment B -1.70 -0.17 -1.54 -0.15 -0.69 -0.07 1.90 0.19 
Compartment A 0.33 0.03 -0.59 -0.06 0.22 0.02 1.41 0.15 
Rod E 2.19 0.14 2.51 0.16 4.19 0.27 1.24 0.08 
Rod D -1.94 -0.14 1.16 0.07 0.95 0.06 1.93 0.14 
Rod C -0.58 -0.05 1.80 0.14 1.77 0.12 1.34 0.11 
Rod B 1.42 0.14 2.58 0.17 0.68 0.04 1.27 0.13 
Rod A 0.94 0.09 2.54 0.18 1.59 0.11 1.45 0.15 
Glass Rod -4.44 -0.18 1.47 0.12 -0.29 -0.02 3.47 0.14 
Mean -0.81 -0.036 -1.54 -0.15 -0.69 -0.07     
Standard 
Deviation 
0.33 0.03 -0.59 -0.06 0.22 0.02     
 
Table A4.8: Calibrated densities; 12 slice averages; 4-slice Sensation, Siemens scanner. 
Phantom 
Rods 
 
(mg/cc) 
 
 
(%) 
 
(mg/cc) 
 
 
(%) 
 
(mg/cc) 
 
 
SD of 
Original   
Stack,  
(mg/cc) 
CV of 
Original 
Stack, 
 
 
(%) 
Rod E 0.57 0.15 -0.45 -0.12 2.40 0.64 1.04 0.28 
Rod D 0.67 0.24 -0.15 -0.05 0.95 0.35 1.23 0.45 
Rod C 0.01 0.01 0.23 0.16 1.07 0.72 0.98 0.66 
Rod B -1.02 6.21 -0.75 4.54 -1.03 6.23 0.94 5.73 
Rod A -0.58 1.18 -0.79 1.61 -0.24 0.49 1.08 2.20 
Glass Rod 0.37 0.04 -4.57 -0.43 -3.34 -0.32 3.16 0.30 
Mean 0.00 1.30 -1.08 0.95 -0.03 1.35     
Standard 
Deviation 
0.68 2.44 1.75 1.90 2.00 2.42     
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Table A4.9: CT numbers; 48 slice averages; 16-slice Sensation, Siemens scanner. 
Phantom Rods 
 
(HU) 
 
 
(%) 
 
(HU) 
 
 
(%) 
 
(HU) 
 
 
SD of 
Original   
Stack, 
 
(HU) 
CV of 
Original 
Stack, 
 
 
(%) 
Compartment E 1.17 0.08 3.07 0.20 1.65 0.11 4.15 0.27 
Compartment D 1.20 0.09 1.73 0.12 1.41 0.10 3.08 0.22 
Compartment C 0.74 0.06 -0.09 -0.01 -0.02 0.00 3.29 0.27 
Compartment B -0.66 -0.07 -2.03 -0.20 -1.30 -0.13 3.27 0.33 
Compartment A -0.69 -0.07 -0.92 -0.10 0.92 0.10 3.55 0.37 
Rod E 1.08 0.07 3.55 0.23 3.68 0.24 3.54 0.23 
Rod D 3.10 0.22 3.66 0.26 3.27 0.24 3.38 0.24 
Rod C 2.43 0.20 2.46 0.20 2.35 0.19 3.80 0.31 
Rod B 1.11 0.11 0.66 0.07 -0.18 -0.02 3.36 0.34 
Rod A -1.11 -0.12 0.34 0.04 -1.60 -0.17 2.80 0.29 
Glass Rod 5.19 0.21 5.82 0.24 4.46 0.18 7.09 0.29 
Mean 1.23 0.07 1.66 0.10 1.33 0.08     
Standard 
Deviation 
1.83 0.12 2.31 0.15 2.00 0.14     
 
Table A4.10: Calibrated densities; 48 slice averages; 16-slice Sensation, Siemens scanner. 
Phantom 
Rods 
 
(mg/cc) 
 
 
(%) 
 
(mg/cc) 
 
 
(%) 
 
(mg/cc) 
 
 
SD of 
Original   
Stack,  
(mg/cc) 
CV of 
Original 
Stack, 
 
 
(%) 
Rod E -0.39 -0.10 0.08 0.02 1.35 0.36 3.94 1.05 
Rod D 1.45 0.53 1.00 0.36 1.41 0.51 3.07 1.12 
Rod C 1.37 0.91 1.13 0.75 1.17 0.78 3.40 2.26 
Rod B 0.94 -5.83 1.16 -7.15 -0.13 0.82 3.00 18.49 
Rod A -0.61 1.27 1.18 -2.45 -1.08 2.26 2.69 5.62 
Glass Rod 0.44 0.04 -3.67 -0.35 -0.42 -0.04 10.37 1.00 
Mean 0.54 -0.53 0.14 -1.47 0.38 0.78     
Standard 
Deviation 
0.88 2.65 1.92 3.00 1.07 0.79     
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Table A4.11: CT numbers; 64 slice averages; 64-slice Sensation, Siemens scanner. 
Phantom Rods 
 
(HU) 
 
 
(%) 
 
(HU) 
 
 
(%) 
 
(HU) 
 
 
SD of 
Original   
Stack, 
 
(HU) 
CV of 
Original 
Stack, 
 
 
(%) 
Compartment E -3.00 -0.20 3.07 0.21 -1.73 -0.12 3.19 0.22 
Compartment D -1.95 -0.14 1.00 0.07 -1.33 -0.10 2.69 0.20 
Compartment C -0.34 -0.03 1.85 0.15 -2.04 -0.17 3.42 0.28 
Compartment B -0.36 -0.04 2.34 0.24 -0.08 -0.01 3.41 0.34 
Compartment A 1.44 0.15 3.01 0.32 -0.57 -0.06 3.13 0.33 
Rod E -2.73 -0.18 -0.95 -0.06 -0.16 -0.01 3.40 0.23 
Rod D -1.48 -0.11 -0.42 -0.03 0.07 0.00 3.10 0.22 
Rod C -1.82 -0.15 -0.85 -0.07 0.40 0.03 3.26 0.27 
Rod B 1.62 0.16 0.46 0.05 0.41 0.04 3.11 0.31 
Rod A 0.52 0.05 -0.25 -0.03 -0.47 -0.05 3.70 0.39 
Glass Rod 0.52 0.02 -0.55 -0.02 1.66 0.07 6.87 0.29 
Mean -0.69 -0.04 0.79 0.07 -0.35 -0.03     
Standard 
Deviation 
1.61 0.13 1.55 0.13 1.06 0.07     
 
Table A4.12: Calibrated densities; 64 slice averages; 64-slice Sensation, Siemens scanner. 
Phantom 
Rods 
 
(mg/cc) 
 
 
(%) 
 
(mg/cc) 
 
 
(%) 
 
(mg/cc) 
 
 
SD of 
Original   
Stack,  
(mg/cc) 
CV of 
Original 
Stack, 
 
 
(%) 
Rod E 0.70 0.17 -2.72 -0.66 1.62 0.39 3.88 0.95 
Rod D 0.98 0.32 -2.27 -0.74 1.54 0.51 3.32 1.09 
Rod C -0.27 -0.15 -2.59 -1.49 1.48 0.85 3.16 1.83 
Rod B 1.30 -14.20 -1.45 15.83 1.05 -11.44 3.21 35.14 
Rod A 0.12 -0.28 -2.03 4.58 0.22 -0.50 3.66 8.27 
Glass Rod 8.70 0.76 -2.59 -0.23 4.96 0.43 11.09 0.97 
Mean 1.92 -2.23 -2.27 2.88 1.81 -1.63     
Standard 
Deviation 
3.37 5.88 0.48 6.71 1.63 4.83     
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APPENDIX A5 
Variations along Table Length 
Standard deviation of the raw CT numbers and the calibrated densities for the slices that span the portion of the scan table that 
includes the table extension and those that do not (Tables A5.1 – A5.2). Tables A5.3 and A5.4 show the coefficients of variation for the 
two cases.  
 
Note: 
(a) Slices that do not include table extension 
(b) Slices that include table extension 
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Table A5.1: Standard deviations of CT numbers of the 11 ROIs for the set of slices acquired across the entire table length for the 6 
scanners.  
Phantom Rods 
SD (HU) 
16-Slice 
GE 
64-Slice 
GE 
16-Slice 
Toshiba 
4-Slice 
Siemens 
16-Slice 
Siemens 
64-Slice 
Siemens 
(a) (b) (a) (b) (a) (b) (a) (b) (a) (b) (a) (b) 
Compartment E 9.52 0.56 12.35 11.17 8.51 23.38 2.89 6.18 6.22 8.15 4.54 4.47 
Compartment D 6.63 0.46 8.68 8.39 5.52 15.86 2.51 4.73 5.96 6.74 4.00 3.67 
Compartment C 4.76 0.38 7.55 7.78 4.21 12.43 2.64 4.61 5.88 5.93 3.92 3.46 
Compartment B 4.87 0.50 9.31 9.76 3.41 13.00 3.09 4.36 6.00 5.87 3.98 3.40 
Compartment A 5.04 0.54 10.91 11.10 4.89 16.79 4.79 2.55 6.05 5.45 4.46 3.82 
Rod E 3.71 0.22 5.04 6.25 15.47 10.73 3.62 2.95 4.09 4.44 3.03 2.65 
Rod D 3.24 0.22 4.09 4.92 3.65 9.21 2.64 2.62 3.94 4.27 2.88 2.49 
Rod C 2.93 0.23 3.53 3.85 4.71 9.73 2.33 2.40 3.74 3.56 2.84 2.41 
Rod B 2.72 0.28 3.93 4.04 4.63 10.27 2.29 2.47 3.64 3.59 2.69 2.45 
Rod A 2.77 0.30 3.51 4.02 3.74 8.56 2.34 2.02 3.44 3.37 3.04 2.77 
Glass Rod 8.50 0.31 7.49 8.95 11.72 20.09 5.37 5.66 7.01 8.52 6.55 5.48 
 
Table A5.2: Standard deviation of the calibrated CT numbers of the 6 ROIs for the set of slices acquired across the entire table length, for 
the 6 scanners. 
Phantom Rods 
SD (mg/cc) 
16-Slice 
GE 
64-Slice 
GE 
16-Slice 
Toshiba 
4-Slice 
Siemens 
16-Slice 
Siemens 
64-Slice 
Siemens 
(a) (b) (a) (b) (a) (b) (a) (b) (a) (b) (a) (b) 
Rod E 3.99 5.64 3.00 3.09 13.43 6.08 2.31 3.56 22.49 5.64 4.33 4.18 
Rod D 2.96 4.33 2.70 2.33 2.84 4.70 2.01 2.82 17.47 4.95 3.61 3.36 
Rod C 2.21 3.55 2.74 2.12 3.80 5.45 1.74 2.38 11.78 3.75 2.93 2.87 
Rod B 1.63 2.78 3.09 3.08 3.04 5.91 1.90 2.28 8.60 3.55 3.22 3.01 
Rod A 1.82 2.90 3.16 3.22 2.83 5.38 2.07 1.97 8.90 3.53 3.46 3.16 
Glass Rod 11.15 13.38 6.21 8.63 10.54 13.44 5.76 8.92 58.29 14.13 11.79 10.66 
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Table A5.3: Coefficient of variation (%) of the average CT numbers of the 11 ROIs for the set of slices acquired across the entire table 
length, for the 6 scanners. 
Phantom Rods 
COV (%) 
16-Slice 
GE 
64-Slice 
GE 
16-Slice 
Toshiba 
4-Slice 
Siemens 
16-Slice 
Siemens 
64-Slice 
Siemens 
(a) (b) (a) (b) (a) (b) (a) (b) (a) (b) (a) (b) 
Compartment E 0.56 0.72 0.73 0.67 0.19 0.35 0.19 0.40 0.41 0.53 0.31 0.30 
Compartment D 0.46 0.62 0.60 0.58 0.58 1.18 0.18 0.34 0.43 0.48 0.30 0.27 
Compartment C 0.38 0.57 0.61 0.63 0.84 1.92 0.22 0.38 0.48 0.48 0.33 0.29 
Compartment B 0.50 0.66 0.95 1.00 -3.75 -6.73 0.31 0.44 0.60 0.59 0.40 0.34 
Compartment A 0.54 0.76 1.16 1.19 -3.66 -3.79 0.50 0.27 0.63 0.57 0.47 0.40 
Rod E 0.22 0.23 0.30 0.37 3.87 1.70 0.24 0.19 0.27 0.29 0.20 0.18 
Rod D 0.22 0.24 0.28 0.34 1.39 2.26 0.19 0.19 0.28 0.31 0.21 0.18 
Rod C 0.23 0.25 0.28 0.31 4.66 6.82 0.19 0.20 0.30 0.29 0.23 0.20 
Rod B 0.28 0.30 0.40 0.41 -4.14 -7.40 0.23 0.25 0.36 0.36 0.27 0.24 
Rod A 0.30 0.28 0.38 0.43 -2.94 -5.26 0.24 0.21 0.36 0.35 0.32 0.29 
Glass Rod 0.31 0.26 0.28 0.34 1.16 1.48 0.22 0.23 0.29 0.35 0.28 0.23 
 
 
Table A5.4: Coefficient of Variation (%) of the calibrated densities of the 6 ROIs for the set of slices acquired across the entire table length, 
for the 6 scanners. 
Phantom Rods 
COV (%) 
16-Slice 
GE 
64-Slice 
GE 
16-Slice 
Toshiba 
4-Slice 
Siemens 
16-Slice 
Siemens 
64-Slice 
Siemens 
(a) (b) (a) (b) (a) (b) (a) (b) (a) (b) (a) (b) 
Rod E 1.02 1.43 0.76 0.79 3.87 1.70 0.61 0.96 5.93 1.51 1.06 1.02 
Rod D 1.17 1.70 1.07 0.92 1.39 2.26 0.73 1.05 6.26 1.82 1.19 1.11 
Rod C 1.70 2.71 2.09 1.60 4.66 6.82 1.17 1.63 7.61 2.51 1.70 1.67 
Rod B -6.85 -11.73 -12.51 -13.73 -4.14 -7.40 -11.22 -11.92 -76.97 -22.14 -41.18 -35.03 
Rod A -3.72 -5.88 -6.23 -6.55 -2.94 -5.26 -4.18 -4.05 -20.88 -7.20 -8.11 -7.10 
Glass Rod 1.18 1.40 0.66 0.92 1.16 1.48 0.56 0.87 5.61 1.37 1.04 0.94 
 142 
APPENDIX A6 
Dependence on Pitch 
Periodicity (units of slices per cycle), repetition of the peaks in the autocorrelation plot (%) and the amplitude for the stacks 
collected at different pitch values for the 11 ROIs of the rod phantom set-up at all allowable pitch values for each of the 6 scanners. 
Table A6.1: 16-slice GE scanner. Period. = Periodicity; Rep. = Repetition. 
Phantom Rods 
16-Slice GE, Pitch = 0.969 16-Slice GE, Pitch = 0.562 16-Slice GE, Pitch = 1.375 16-Slice GE, Pitch = 1.75 
Period. Rep. (%) (%) Period. Rep. (%) (%) Period. Rep. (%) (%) Period. Rep.(%) (%) 
Compartment E 15 76.1 0.24 9 44.2 0.10 
11 
22 
75.3 
66.7 
0.03 28 64.9 0.36 
Compartment D 15 69.4 0.18 9 26.4 0.08 
11 
22 
54.4 
54.2 
0.31 28 84.2 0.38 
Compartment C 15 54.3 0.22 9 53.9 0.14 
11 
22 
87.25 
33.4 
0.39 28 68.4 0.31 
Compartment B 15 61.9 0.24 9 80.0 0.25 
11 
21 
55.9 
44.5 
0.34 28 48.6 0.38 
Compartment A 15 52.1 0.29 9 40.4 0.13 
11 
22 
43.5 
25.0 
0.26 28 30.8 0.31 
Rod E 15 50.7 0.10 6 25.0 0.01 
11 
22 
3.2 
35.6 
0.02 28 21.0 0.12 
Rod D 15 55.5 0.08 7 30.3 0.05 
11 
22 
2.6 
16.7 
0.03 28 18.2 0.07 
Rod C 15 20.1 0.03 6 30.4 0.05 
11 
22 
11.6 
23.3 
0.05 28 16.2 0.04 
Rod B 15 39.4 0.03 6 30.4 0.06 
11 
21 
12.5 
50.0 
0.09 29 43.2 0.12 
Rod A 14 69.2 0.09 8 31.3 0.04 
11 
21 
6.5 
40.0 
0.02 26 42.8 0.10 
Glass Rod 15 6.9 0.04 6 33.1 0.00 
11 
22 
16.9 
25.6 
0.05 28 27.8 0.06 
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Table A6.2: 64-slice GE scanner. 
 
Phantom Rods 
64-Slice GE, Pitch = 0.938 64-Slice GE, Pitch = 0.531 64-Slice GE, Pitch = 1.375 
Periodicity Repetition(%) (%) Periodicity Repetition(%) (%) Periodicity Repetition(%)  (%) 
Compartment E 31 84.8 0.82 17 93.7 0.32 44 72.0 0.94 
Compartment D 31 82.4 0.64 17 74.6 0.20 44 66.7 0.64 
Compartment C 31 16.7 0.21 17 23.3 0.09 44 14.3 0.21 
Compartment B 31 58.8 0.35 17 67.8 0.18 44 25.0 0.67 
Compartment A 31 58.8 0.60 17 64.4 0.26 44 83.3 0.93 
Rod E 31 9.5 0.09 17 36.7 0.06 44 11.7 0.12 
Rod D 31 7.4 0.05 17 31.1 0.08 37 20.7 0.01 
Rod C 31 7.7 0.08 17 12.1 0.03 36 42.8 0.12 
Rod B 31 12.1 0.07 17 13.3 0.03 37 53.3 0.20 
Rod A 31 6.5 0.13 17 5.4 0.04 37 27.6 0.23 
Glass Rod 31 14.3 0.04 17 17.0 0.02 37 30.8 0.07 
 
Table A6.3: 16-slice Toshiba scanner. 
Phantom Rods 
16-Slice Toshiba, Pitch = 1 16-Slice Toshiba, Pitch = 0.688 
Periodicity Repetition(%) (%) Periodicity Repetition(%)  (%) 
Compartment E 15 20.4 0.42 11 12.4 0.11 
Compartment D 15 30.1 0.68 11 15.1 0.08 
Compartment C 15 62.0 0.88 11 23.2 0.13 
Compartment B 15 43.6 1.26 11 20.7 0.09 
Compartment A 15 21.5 0.85 11 19.4 0.20 
Rod E 15 75.8 0.39 11 60.9 0.16 
Rod D 15 86.7 0.53 11 80.8 0.17 
Rod C 15 73.3 0.33 11 68.4 0.15 
Rod B 15 76.4 0.64 11 69.4 0.33 
Rod A 15 63.6 1.09 11 90.2 0.65 
Glass Rod 15 73.6 0.60 11 74.1 0.16 
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Table A6.4: 4-slice Siemens scanners. 
Phantom Rods 
4-Slice Siemens, Pitch = 1 4-Slice Siemens, Pitch = 0.4 
Periodicity Repetition(%) (%) Periodicity Repetition(%)  (%) 
Compartment E 4 48.9 0.03 4 51.4 0.03 
Compartment D 4 69.6 0.05 4 70.2 0.05 
Compartment C 4 40.0 0.02 4 33.3 0.02 
Compartment B 4 61.2 0.05 4 61.2 0.05 
Compartment A 4 50.9 0.03 4 48.0 0.04 
Rod E 4 48.8 0.02 4 52.4 0.02 
Rod D 4 61.5 0.02 4 62.9 0.02 
Rod C 4 48.9 0.01 4 46.5 0.01 
Rod B 3 40.7 0.03 4 23.8 0.03 
Rod A 4 41.9 0.02 4 51.4 0.00 
Glass Rod 4 57.8 0.05 4 53.3 0.05 
 
Table A6.5: 16-slice Siemens scanner. 
Phantom Rods 
16-Slice Siemens, Pitch = 1 16-Slice Siemens, Pitch = 0.75 
Periodicity Repetition(%) (%) Periodicity Repetition(%) (%) 
Compartment E 7 42.3 0.04 8 24.4 0.02 
Compartment D 9 21.5 0.05 7 25.0 0.01 
Compartment C 7 39.0 0.06 6 38.8 0.03 
Compartment B 7 25.9 0.07 7 29.7 0.02 
Compartment A 7 29.2 0.04 7 26.9 0.04 
Rod E 8 24.8 0.03 7 28.3 0.02 
Rod D 6 33.6 0.02 7 24.7 0.02 
Rod C 8 25.6 0.02 6 29.9 0.02 
Rod B 7 35.1 0.04 7 31.4 0.03 
Rod A 7 37.8 0.01 6 25.0 0.09 
Glass Rod 7 32.3 0.03 6 33.0 0.02 
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Table A6.6: 64-slice Siemens scanner. 
Phantom Rods 
64-Slice Siemens, Pitch = 1 64-Slice Siemens, Pitch = 0.5 
Periodicity Repetition(%) (%) Periodicity Repetition(%) (%) 
Compartment E 32 50.0 0.08 24 19.4 0.001 
Compartment D 31 16.7 0.03 25 6.3 0.006 
Compartment C 30 16.7 0.05 24 10.3 0.001 
Compartment B 31 26.1 0.04 24 15.4 0.001 
Compartment A 30 20.0 0.05 24 24.4 0.001 
Rod E 31 29.4 0.06 24 20.5 0.000 
Rod D 32 25.0 0.05 23 26.3 0.001 
Rod C 32 25.0 0.12 23 11.1 0.000 
Rod B 32 6.1 0.09 23 22.2 0.003 
Rod A 35 20.0 0.14 24 14.6 0.000 
Glass Rod 34 20.0 0.06 24 5.9 0.001 
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Tables A6.7 to A6.18 give the absolute and relative differences between the mean of the CT numbers and calibrated densities for the 
specified number of slices with no Plexiglas surrounding the rods at different pitch values for the rod-phantom set up. The number of 
slices for averaging were selected for each pitch according to a multiple of the pitch cycle. For comparison, the SD and CV are given for 
the reference stack. 
 
Note: 
   X0.562 :  Pitch of 0.562, 45 slices 
   X0.969 :  Pitch of 0.969, 75 slices (reference stack) 
   X1.375 :  Pitch of 1.375, 112 slices 
   X1.75 :  Pitch of 1.750, 56 slices 
Table A6.7: Uncalibrated numbers; 5 cycles; 16-slice GE LightSpeed scanner. 
Phantom Rods 
Absolute 
Difference     
( – ) 
(HU) 
Relative 
Difference 
–
 
(%) 
Absolute 
Difference 
( – ) 
(HU) 
Relative 
Difference 
–
 
(%) 
Absolute 
Difference 
( – ) 
(HU) 
Relative 
Difference 
–
 
(%) 
SD of 
Original   
Stack, 
 
(HU) 
CV of 
Original 
Stack,  
 
(%) 
Compartment E -6.84 -0.40 0.56 0.03 -3.79 -0.22 4.69 0.28 
Compartment D -6.05 -0.42 0.21 0.01 -2.87 -0.20 4.26 0.29 
Compartment C -8.77 -0.70 -1.88 -0.15 -5.63 -0.45 4.83 0.39 
Compartment B -8.18 -0.84 -1.65 -0.17 -4.53 -0.47 4.19 0.43 
Compartment A -5.16 -0.55 -1.78 -0.19 -7.03 -0.75 3.92 0.42 
Rod E -1.14 -0.07 -1.01 -0.06 0.51 0.03 2.63 0.15 
Rod D 0.37 0.02 0.02 0.00 0.23 0.02 2.77 0.19 
Rod C -1.00 -0.08 -0.10 -0.01 -0.09 -0.01 2.38 0.19 
Rod B 0.03 0.00 0.29 0.03 -0.54 -0.06 2.08 0.21 
Rod A -0.05 -0.01 0.59 0.06 -0.57 -0.06 1.77 0.19 
Glass Rod -4.80 -0.18 -4.59 -0.17 -1.10 -0.04 5.91 0.22 
Mean -3.78 -0.29 -0.85 -0.06 -2.31 -0.20     
Standard 
Deviation 
3.49 0.31 1.56 0.10 2.60 0.25     
 147 
Table A6.8: Calibrated numbers; 5 cycles; 16-slice GE LightSpeed scanner. 
Phantom 
Rods 
Absolute 
Difference     
( – ) 
(mg/cc) 
Relative 
Difference 
–
 
(%) 
Absolute 
Difference 
( – ) 
(mg/cc) 
Relative 
Difference 
–
 
(%) 
Absolute 
Difference 
( – ) 
(mg/cc) 
Relative 
Difference 
–
 
(%) 
SD of 
Original   
Stack, 
 
(mg/cc) 
CV of 
Original 
Stack,  
 
(%) 
Rod E 3.17 0.81 -1.07 -0.27 1.16 0.30 1.75 0.45 
Rod D 4.02 1.60 -0.01 0.00 2.24 0.89 1.75 0.69 
Rod C 3.27 2.54 0.35 0.27 2.40 1.86 1.44 1.12 
Rod B 3.86 -15.16 1.11 -4.36 3.23 -12.71 1.32 -5.19 
Rod A 3.82 -7.58 1.37 -2.72 3.43 -6.82 1.16 -2.30 
Glass Rod 1.06 0.11 -5.04 -0.53 -2.60 -0.27 4.08 0.43 
Mean 3.20 -2.95 -0.55 -1.27 1.64 -2.79     
Standard 
Deviation 
1.10 7.00 2.36 1.85 2.23 5.76     
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   X0.562 : Pitch of 0.562, 34 slices  X0.938 : Mean Pitch of 0.969, 63 slices (reference stack)  X1.375 : Pitch of 1.375, 88 slices 
Table A6.9: Uncalibrated numbers; 2 cycles; 64-slice GE LightSpeed scanner. 
Phantom Rods 
Absolute Difference     
(X0.562– X0.938)(HU) 
Relative Difference 
–
 (%) 
Absolute 
Difference 
(X1.375– X0.938)(HU) 
Relative Difference 
–
(%) 
SD Of Original   
Stack,  
(HU) 
CV of Original 
Stack,  
(%) 
Compartment E -5.71 -0.34 -2.06 -0.12 14.32 0.85 
Compartment D -5.22 -0.36 -3.30 -0.23 10.55 0.73 
Compartment C -6.19 -0.50 -3.90 -0.31 7.09 0.57 
Compartment B -5.73 -0.58 -4.08 -0.42 6.52 0.66 
Compartment A -4.71 -0.50 -3.97 -0.42 7.90 0.84 
Rod E -6.88 -0.40 -5.80 -0.34 3.17 0.19 
Rod D -4.84 -0.33 -4.34 -0.30 3.42 0.23 
Rod C -3.90 -0.31 -1.35 -0.11 2.93 0.23 
Rod B -2.84 -0.29 -1.67 -0.17 2.99 0.30 
Rod A -3.83 -0.41 -3.48 -0.37 2.93 0.31 
Glass Rod -8.18 -0.31 -5.92 -0.22 6.36 0.24 
Mean -5.28 -0.39 -3.62 -0.27     
SD 1.51 0.10 1.50 0.11     
Table A6.10: Calibrated numbers; 2 cycles; 64-slice GE LightSpeed scanner. 
Phantom 
Rods 
Absolute Difference     
(X0.562– X0.938) (mg/cc) 
Relative Difference 
–
 (%) 
Absolute Difference 
(X1.375– X0.938)(mg/cc) 
Relative Difference 
–
 (%) 
SD of Original   
Stack,  
(mg/cc) 
COV of Original 
Stack,  
 (%) 
Rod E -1.46 -0.37 -2.89 -0.73 1.89 0.48 
Rod D -0.26 -0.10 -1.45 -0.57 2.01 0.79 
Rod C 0.29 0.22 0.80 0.61 1.64 1.25 
Rod B 0.91 -3.39 1.25 -4.65 1.76 6.54 
Rod A 0.33 -0.64 0.29 -0.55 1.62 3.11 
Glass Rod -2.23 -0.23 -5.22 -0.55 3.77 0.39 
Mean -0.40 -0.75 -1.21 -1.07     
SD 1.20 1.32 2.50 1.82     
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  X0.688  : Pitch of 0.688, 88 slices       X1  : Pitch of 1, 120 slices (reference stack) 
    
Table A6.11: Uncalibrated numbers; 8 cycles; 16-slice Toshiba Aquilion scanner. 
Phantom Rods 
Absolute Difference (X0.688– X1) 
(HU) 
Relative Difference 
 
–
(%) 
SD of Original Stack,   
(HU) 
CV of Original Stack,   
(%) 
Compartment E 3.33 0.17 4.85 0.24 
Compartment D 2.34 0.13 3.39 0.19 
Compartment C 0.53 0.03 2.95 0.18 
Compartment B 1.01 0.07 3.13 0.23 
Compartment A -1.54 -0.11 2.82 0.21 
Rod E 4.33 0.22 3.78 0.20 
Rod D 0.41 0.02 3.18 0.19 
Rod C 0.34 0.02 3.25 0.21 
Rod B -0.73 -0.06 4.23 0.33 
Rod A -3.39 -0.27 2.63 0.21 
Glass Rod -3.07 -0.11 7.94 0.29 
Mean 0.32 0.01   
SD 2.44 0.14   
 
Table A6.12: Calibrated numbers; 8 cycles; 16-slice Toshiba Aquilion scanner. 
 
Phantom Rods 
Absolute Difference      
(X0.688– X1) (mg/cc) 
Relative Difference 
 
–
 (%) 
SD of Original Stack,  
(mg/cc) 
COV of Original Stack,    
(%) 
Rod E 0.5696 0.1622 2.5703 0.7319 
Rod D -1.1381 -0.5579 2.1380 1.0481 
Rod C -0.4609 -0.5554 2.1546 2.5963 
Rod B -0.2393 0.3333 2.8501 3.9703 
Rod A -1.8593 1.9509 1.8187 1.9083 
Glass Rod -7.7047 -0.8420 5.5858 0.6105 
Mean -1.8055 0.0819   
SD 3.0050 1.0229   
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   X0.4  : Pitch of 0.4, 20 slices        X1   : Pitch of 1, 20 slices (reference stack) 
       
Table A6.13: Uncalibrated numbers; 5 cycles; 4-slice Siemens Sensation scanner. 
Phantom Rods 
Absolute Difference     
 (X0.4– X1)(HU) 
Relative Difference 
 
–
 (%) 
SD of Original Stack,  
(HU) 
CV of Original Stack,    
(%) 
Compartment E -2.56 -0.17 2.54 0.17 
Compartment D -2.06 -0.15 2.46 0.18 
Compartment C -2.39 -0.19 2.97 0.24 
Compartment B 0.11 0.01 2.05 0.21 
Compartment A 0.92 0.10 2.32 0.24 
Rod E -2.78 -0.18 2.81 0.18 
Rod D -1.46 -0.10 1.59 0.11 
Rod C 1.57 0.12 2.47 0.20 
Rod B -2.56 -0.17 3.03 0.30 
Rod A -2.06 -0.15 2.32 0.24 
Glass Rod -2.39 -0.19 10.84 0.43 
Mean 0.11 0.01     
SD 0.92 0.10     
Table A6.14: Calibrated numbers; 5 cycles; 4-slice Siemens Sensation scanner. 
Phantom Rods 
Absolute Difference 
 (X0.4– X1) (mg/cc) 
Relative Difference 
 
–
 (%) 
SD of Original Stack,  
(mg/cc) 
COV of Original Stack,    
(%) 
Rod E 0.27 0.07 2.10 0.56 
Rod D 0.58 0.21 1.18 0.43 
Rod C 0.84 0.57 1.85 1.25 
Rod B 1.25 -7.11 2.30 13.06 
Rod A 0.14 -0.27 1.89 3.83 
Glass Rod 19.10 1.75 7.86 0.72 
Mean 3.70 -0.80     
SD 7.56 3.17     
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    X0.75 : Pitch of 0.75, 112 slices          X1      : Pitch of 1, 112 slices 
       
Table A6.15: Uncalibrated numbers; 7 cycles; 16-slice Siemens Sensation scanner. 
Phantom Rods 
Absolute Difference      
(X0.75– X1) (HU) 
Relative Difference 
 
–
 (%) 
SD of Original Stack,  
(HU) 
CV of Original Stack,    
(%) 
Compartment E -0.21 -0.01 3.97 0.26 
Compartment D 0.68 0.05 3.15 0.23 
Compartment C 0.45 0.04 2.87 0.23 
Compartment B 0.61 0.06 3.20 0.32 
Compartment A 0.81 0.08 2.89 0.30 
Rod E 1.80 0.12 3.48 0.23 
Rod D 0.18 0.01 3.27 0.23 
Rod C -0.22 -0.02 3.39 0.28 
Rod B 0.23 0.02 3.59 0.36 
Rod A 0.03 0.00 3.02 0.31 
Glass Rod 4.07 0.17 6.90 0.29 
Mean 0.77 0.05     
SD 1.23 0.06     
Table A6.16 Calibrated numbers; 7 cycles; 16-slice Siemens Sensation scanner. 
Phantom Rods 
Absolute Difference      
(X0.75– X1) (mg/cc) 
Relative Difference 
 
–
 (%) 
SD of Original Stack,  
(mg/cc) 
CV of Original Stack,    
(%) 
Rod E 1.41 0.37 3.75 1.00 
Rod D 0.05 0.02 3.05 1.11 
Rod C -0.43 -0.29 2.89 1.92 
Rod B -0.34 2.14 3.03 18.83 
Rod A -0.54 1.13 2.70 5.64 
Glass Rod 4.08 0.39 9.98 0.96 
Mean 0.70 0.63     
SD 1.80 0.88     
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   X0.5  : Pitch of 0.5, 62 slices        X1   : Pitch of 1, 62 slices 
       
Table A6.17: Uncalibrated numbers; 2 cycles; 64-slice Siemens Sensation scanner. 
Phantom Rods 
Absolute Difference 
 (X0.5– X1) (HU) 
Relative Difference 
 
–
 (%) 
SD of Original Stack,  
(HU) 
CV of Original Stack,    
(%) 
Compartment E -2.20 -0.15 3.08 0.21 
Compartment D -1.39 -0.10 2.67 0.20 
Compartment C -1.19 -0.10 3.40 0.28 
Compartment B -0.65 -0.07 3.42 0.34 
Compartment A 0.06 0.01 3.13 0.33 
Rod E -1.56 -0.10 3.48 0.23 
Rod D -0.94 -0.07 2.96 0.21 
Rod C -0.71 -0.06 3.28 0.27 
Rod B 1.47 0.15 3.07 0.31 
Rod A 1.97 0.21 3.62 0.38 
Glass Rod 5.77 0.24 6.83 0.29 
Mean 0.06 0.00     
SD 2.28 0.14     
Table A6.18: Calibrated numbers; 64 slices; 64-slice Siemens Sensation scanner. 
Phantom Rods 
Absolute Difference 
 (X0.5– X1) (mg/cc) 
Relative Difference 
 
–
 (%) 
SD of Original Stack,  
(mg/cc) 
CV of Original Stack,   
(%) 
Rod E 0.75 0.18 3.87 0.94 
Rod D 0.87 0.29 3.31 1.09 
Rod C 0.58 0.33 3.14 1.82 
Rod B 1.74 -19.01 3.20 35.06 
Rod A 2.03 -4.58 3.60 8.14 
Glass Rod 9.52 0.83 11.08 0.97 
Mean 2.58 -3.66     
SD 3.45 7.78     
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Table A6.19 shows the mean of the raw CT numbers and the calibrated densities for the femur data. Tables A6.20 – A6.24 show 
the values similar to the above cases for the artificial femur scans for the central slices excluding the condyle region. 
 
Table A6.19: Mean CT numbers and calibrated densities in units of equivalent K2HPO4 of the GE, Toshiba and Siemens 4- and 16-slice 
scanners. 
Femur 16-Slice GE 64-Slice GE 
16-Slice 
Toshiba 
4-Slice 
Siemens 
16-Slice 
Siemens 
Average CT 
Number (HU) 
2243.05 2209.72 2546.4 1983.48 1965.33 
Calibrated 
Density (mg/cc) 
670.20 668.18 523.71 709.37 700.19 
 
Table A6.20: CT numbers and calibrated densities; 120 slices; 16-slice GE scanner. 
Femur 
 
Absolute 
Difference     
(X0.562– X0.969) 
 
Relative 
Difference 
–
 
(%) 
 
Absolute 
Difference 
(X1.375– X0.969) 
 
Relative 
Difference 
–
 
(%) 
 
Absolute 
Difference 
(X1.375– X0.969) 
 
Relative 
Difference 
–
 
(%) 
 
SD of 
 
 
CV of 
 
 
(%) 
 CT Number 
(HU) 
-2.36 -0.11 0.90 0.04 2.00 0.09 7.08 0.32 
Calibrated 
(mg/cc) 
-1.36 -0.20 -1.54 0.23 2.73 0.41 9.09 0.77 
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Table A6.21: CT numbers and calibrated densities; 124 slices; 64-slice GE scanner. 
Femur 
 
Absolute Difference    
(X0.562– X0.938) 
 
Relative Difference 
–
 
(%) 
 
Absolute 
Difference 
(X1.375– X0.938) 
 
Relative Difference 
–
 
(%) 
SD of Original   
Stack,  
CV of Original 
Stack,  
 
(%) 
CT Number 
(HU) 
5.56 0.25 -1.46 -0.07 6.93 0.31 
Calibrated 
(mg/cc) 
-3.42 -0.16 -0.83 -0.12 5.45 0.81 
 
Table A6.22: CT numbers and calibrated densities; 120 slices; 16-slice Toshiba scanner. 
Femur 
Absolute Difference  
(X0.688– X1)  
 
Relative Difference 
–
  
(%) 
SD of Original Stack,  
 
CV of Original Stack,  
  
(%) 
CT Number (HU) -95.31 -6.27 14.02 0.92 
Calibrated (mg/cc) -48.99 -3.23 7.68 1.47 
 
Table A6.23: CT numbers and calibrated densities; 120 slices; 4-slice Siemens scanner. 
Phantom Rods 
Absolute Difference 
(X0.65– X1) 
Relative Difference 
–
 
(%) 
SD of Original Stack,  
CV of Original Stack,   
(%) 
Cortex (HU) -3.21 -0.16 32.87 1.64 
Calibrated (mg/cc) -1.91 -0.26 23.86 3.29 
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Table A6.24: CT numbers and calibrated densities; 128 slices; 16-slice Siemens scanner. 
Phantom Rods 
Absolute Difference  
(X0.75– X1)  
Relative Difference 
 
–
  
(%) 
SD of Original Stack,  
CV of Original Stack,   
  
(%) 
Cortex (HU) 0.93 0.05 1965.33 0.34 
Calibrated (mg/cc) 0.88 0.04 700.20 1.22 
  
Data for 64 slice Siemens scanner were not available. 
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 APPENDIX A7 
Dependence on Table Height 
Average CT numbers of compartments and rods as well as the calibrated densities 
measured at different table heights. For each table height, distances of each of the 11 ROIs 
from the COR were calculated, and the corresponding average CT numbers and densities 
were obtained. 
Note: 
D:    Distance of the center of the ROI from the center of circle of reconstruction  
        (COR) (mm) 
HU: CT numbers for each ROI 
TH: Table height expressed as distance in mm from the top of the gantry to scanner  
table 
Eq:   Equivalent K2HPO4 density (mg/cc) 
 
Table A7.1: CT numbers; 16-slice GE scanner. 
Phantom Rods 
TH 30 TH 50 TH 70 TH 90 TH 110 
D HU D HU D HU D HU D HU 
Compartment E 52.3 1719.2 51.2 1720.2 57.7 1724.1 69.1 1725.8 85.1 1724.8 
Compartment D 23.0 1450.5 22.7 1455.7 36.5 1460.1 53.9 1460.5 75.9 1461.2 
Compartment C 14.1 1229.8 12.8 1233.2 30.6 1237.7 49.7 1239.7 74.3 1240.8 
Compartment B 40.2 953.7 39.5 954.3 48.3 956.8 61.8 959.4 83.4 960.0 
Compartment A 70.3 917.2 68.9 917.2 72.1 917.8 82.5 920.5 98.5 921.4 
Rod E 168.7 1690.7 149.9 1695.6 130.4 1701.1 112.0 1707.0 89.1 1713.4 
Rod D 137.5 1459.8 118.0 1464.0 98.7 1466.9 80.8 1469.4 58.9 1470.0 
Rod C 130.8 1247.5 110.5 1250.1 90.4 1252.8 70.5 1253.5 46.4 1252.3 
Rod B 161.0 978.1 139.4 976.2 120.5 977.3 99.2 978.6 76.4 979.7 
Rod A 179.9 939.9 159.6 938.4 139.4 936.5 119.7 935.6 100.1 935.0 
Glass Rod 153.0 2677.9 133.4 2685.3 113.2 2697.1 93.2 2707.1 70.8 2713.7 
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Table A7.2: CT numbers; 16-slice GE scanner. 
 
Phantom Rods 
TH 130 TH 150 TH 170 TH 190 TH 210 
D HU D HU D HU D HU D HU 
Compartment E 103.1 1722.3 118.8 1716.0 137.6 1700.4 156.6 1685.1 178.6 1669.5 
Compartment D 95.9 1459.9 112.2 1457.3 131.7 1450.1 151.8 1445.5 175.8 1438.8 
Compartment C 94.4 1240.7 109.9 1241.5 130.2 1238.8 150.5 1241.9 174.9 1246.9 
Compartment B 101.6 961.1 115.0 964.8 134.7 966.2 154.3 970.4 179.0 980.2 
Compartment A 113.7 922.8 125.8 924.8 144.2 926.5 162.0 930.5 184.5 937.8 
Rod E 72.3 1716.7 60.5 1718.1 48.4 1716.5 43.4 1717.6 47.3 1717.3 
Rod D 43.8 1470.3 37.8 1469.4 36.8 1468.7 46.0 1470.9 62.5 1472.2 
Rod C 25.9 1250.9 11.1 1249.1 11.1 1249.4 30.8 1251.7 54.7 1254.8 
Rod B 56.8 979.9 41.3 978.2 17.9 977.7 7.3 976.6 25.1 977.1 
Rod A 77.4 934.2 59.6 933.8 40.5 932.3 21.2 930.3 16.3 930.2 
Glass Rod 51.7 2718.0 34.4 2714.8 18.2 2706.5 16.7 2711.3 36.1 2713.2 
 
Table A7.3: Equivalent K2HPO4 densities; 16-slice GE scanner. 
Phantom Rods 
TH 30 TH 50 TH 70 TH 90 TH 110 
D Eq D Eq D Eq D Eq D Eq 
Rod E 168.7 365.3 149.9 366.3 130.4 366.8 112.0 369.4 89.1 373.1 
Rod D 137.5 241.8 118.0 242.7 98.7 242.2 80.8 242.8 58.9 243.1 
Rod C 130.8 128.4 110.5 128.6 90.4 128.3 70.5 127.7 46.4 126.9 
Rod B 161.0 -15.7 139.4 -17.6 120.5 -18.4 99.2 -18.9 76.4 -18.7 
Rod A 179.9 -36.1 159.6 -37.8 139.4 -40.1 119.7 -41.8 100.1 -42.6 
Glass Rod 153.0 893.0 133.4 894.5 113.2 896.9 93.2 902.5 70.8 907.5 
 
Table A7.4: Equivalent K2HPO4 densities; 16-slice GE scanner. 
Phantom Rods 
TH 130 TH 150 TH 170 TH 190 TH 210 
D Eq D Eq D Eq D Eq D Eq 
Rod E 72.3 376.4 60.5 380.8 48.4 388.6 43.4 398.0 47.3 408.2 
Rod D 43.8 244.1 37.8 245.7 36.8 251.0 46.0 257.4 62.5 263.7 
Rod C 25.9 126.4 11.1 126.0 11.1 129.3 30.8 132.5 54.7 135.5 
Rod B 56.8 -19.1 41.3 -21.1 17.9 -21.5 7.3 -24.3 25.1 -28.2 
Rod A 77.4 -43.6 59.6 -45.2 40.5 -46.8 21.2 -50.7 16.3 -55.9 
Glass Rod 51.7 913.8 34.4 922.2 18.2 938.3 16.7 964.4 36.1 995.4 
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Table A7.5: CT numbers; 64-slice GE scanner. 
Phantom Rods 
TH 30 TH 50 TH 70 TH 90 TH 110 
D HU D HU D HU D HU D HU 
Compartment E 77.6 1703.3 77.5 1705.5 82.4 1708.2 91.7 1708.5 104.3 1704.1 
Compartment D 48.6 1438.5 50.2 1442.9 59.2 1447.8 73.0 1452.8 88.6 1452.2 
Compartment C 20.1 1227.0 25.0 1230.6 41.1 1235.6 59.8 1240.7 78.6 1242.5 
Compartment B 10.5 957.1 19.3 957.5 38.4 962.5 58.3 966.9 77.6 970.3 
Compartment A 39.3 920.9 41.0 920.1 53.2 924.9 69.0 929.3 85.2 934.2 
Rod E 153.5 1670.6 133.1 1679.4 112.9 1687.9 93.5 1697.0 73.7 1702.5 
Rod D 123.2 1450.6 102.7 1456.8 82.4 1460.0 62.8 1461.4 42.4 1461.3 
Rod C 128.5 1238.2 108.5 1244.7 88.7 1248.3 70.2 1249.9 51.7 1250.6 
Rod B 160.5 978.3 139.5 978.5 121.6 979.1 102.2 980.6 83.7 980.6 
Rod A 174.9 942.1 152.4 943.2 131.9 939.9 113.4 937.1 92.9 938.2 
Glass Rod 146.7 2605.9 126.2 2627.2 105.8 2646.4 85.3 2658.9 65.9 2664.4 
 
Table A7.6: CT numbers; 64-slice GE scanner. 
Phantom Rods 
TH 130 TH 150 TH 170 TH 190 TH 210 
D HU D HU D HU D HU D HU 
Compartment E 118.4 1696.3 134.6 1685.6 151.0 1675.3 168.8 1666.3 187.6 1667.2 
Compartment D 106.3 1449.2 124.9 1441.7 143.2 1436.0 161.7 1431.7 181.9 1443.5 
Compartment C 98.1 1242.0 118.3 1240.0 138.1 1239.8 157.5 1243.3 178.2 1250.2 
Compartment B 97.6 972.2 119.9 971.9 137.9 977.6 157.5 986.2 178.2 992.4 
Compartment A 103.9 935.5 124.3 937.0 143.8 941.7 161.6 951.8 181.7 955.3 
Rod E 55.0 1704.0 36.3 1703.3 21.7 1701.3 20.5 1702.7 34.7 1706.5 
Rod D 23.2 1459.1 6.2 1459.0 18.5 1460.0 38.5 1463.1 58.9 1467.5 
Rod C 36.0 1249.5 25.9 1249.1 29.5 1249.6 43.5 1252.8 61.2 1254.9 
Rod B 66.1 980.1 47.2 981.0 36.3 980.1 32.8 982.3 40.4 983.3 
Rod A 73.4 937.2 51.9 937.0 33.5 935.6 13.7 937.5 10.1 936.3 
Glass Rod 46.6 2663.5 26.5 2659.2 9.2 2655.2 16.6 2655.7 36.0 2663.3 
 
Table A7.7: Equivalent K2HPO4 densities; 64 slice GE scanner. 
Phantom Rods 
TH 30 TH 50 TH 70 TH 90 TH 110 
D Eq D Eq D Eq D Eq D Eq 
Rod E 153.5 363.8 133.1 366.7 112.9 369.6 93.5 373.9 73.7 379.5 
Rod D 123.2 243.1 102.7 245.0 82.4 244.7 62.8 244.1 42.4 245.1 
Rod C 128.5 126.6 108.5 129.0 88.7 128.6 70.2 127.6 51.7 127.7 
Rod B 160.5 -16.0 139.5 -16.6 121.6 -19.0 102.2 -20.8 83.7 -22.7 
Rod A 174.9 -35.8 152.4 -35.9 131.9 -40.5 113.4 -44.8 92.9 -46.3 
Glass Rod 146.7 876.9 126.2 885.0 105.8 895.2 85.3 903.8 65.9 915.4 
 
 
 159 
Table A7.8: Equivalent K2HPO4 densities; 64-slice GE scanner. 
Phantom Rods 
TH 130 TH 150 TH 170 TH 190 TH 210 
D Eq D Eq D Eq D Eq D Eq 
Rod E 55.0 384.7 36.3 391.1 21.7 397.0 20.5 404.8 34.7 404.7 
Rod D 23.2 246.6 6.2 251.1 18.5 255.7 38.5 260.8 58.9 260.5 
Rod C 36.0 128.4 25.9 130.8 29.5 132.5 43.5 134.3 61.2 132.2 
Rod B 66.1 -23.6 47.2 -22.8 36.3 -25.3 32.8 -28.3 40.4 -31.8 
Rod A 73.4 -47.8 51.9 -48.0 33.5 -51.4 13.7 -55.2 10.1 -60.1 
Glass Rod 46.6 926.0 26.5 938.8 9.2 955.6 16.6 977.6 36.0 982.3 
 
Table A7.9: CT numbers; 16-slice Toshiba scanner. 
Phantom Rods 
TH 32 TH 47 TH 62 TH 77 TH 92 
D HU D HU D HU D HU D HU 
Compartment E 183.8 1302.2 170.2 1254.4 156.7 1233.9 143.3 1219.0 130.4 1214.8 
Compartment D 179.2 1025.9 165.1 980.1 150.8 956.0 136.1 937.7 122.1 923.7 
Compartment C 177.1 797.6 162.0 746.6 147.2 721.1 132.4 702.1 117.6 692.8 
Compartment B 177.8 517.9 163.5 465.1 148.7 433.7 133.2 403.9 119.5 388.3 
Compartment A 182.7 506.1 168.1 434.1 154.4 404.4 140.1 371.0 126.2 343.8 
Rod E 36.0 1197.0 28.3 1201.3 27.0 1198.0 33.1 1185.6 43.4 1176.6 
Rod D 58.3 884.9 44.7 892.2 31.9 894.5 21.7 894.3 18.7 888.9 
Rod C 58.6 642.8 44.6 649.6 30.8 651.9 18.6 645.0 13.5 637.7 
Rod B 36.4 348.3 28.6 349.4 25.4 346.5 29.3 344.0 41.3 336.1 
Rod A 7.2 266.6 0.5 269.4 21.3 294.4 35.3 290.2 50.9 275.5 
Glass Rod 34.4 2322.0 20.0 2312.5 5.4 2259.9 10.0 2290.7 24.6 2279.2 
 
Table A7.10: CT numbers; 16-slice Toshiba scanner. 
Phantom Rods 
TH 107 TH 122 TH 137 TH 152 TH 176 
D HU D HU D HU D HU D HU 
Compartment E 119.3 1219.5 106.5 1218.7 94.4 1228.9 84.8 1213.3 72.6 1234.0 
Compartment D 109.4 920.6 94.8 926.6 80.1 911.7 68.1 906.3 49.7 904.0 
Compartment C 104.4 683.1 88.1 663.3 72.1 663.0 57.9 636.3 34.3 655.2 
Compartment B 105.6 373.4 89.5 353.6 74.5 346.6 60.8 315.3 38.4 323.3 
Compartment A 113.6 336.5 98.6 328.6 84.7 295.0 73.8 297.1 56.8 266.9 
Rod E 54.5 1169.3 69.3 1183.3 84.6 1174.9 98.3 1194.3 121.8 1185.8 
Rod D 25.3 899.1 38.2 891.8 52.9 880.8 66.7 895.0 90.1 916.2 
Rod C 20.0 650.0 34.0 646.9 49.5 639.7 63.5 648.1 87.3 669.4 
Rod B 51.8 327.6 65.5 340.7 79.8 356.2 94.2 382.3 119.4 397.7 
Rod A 65.7 290.8 81.3 304.6 96.8 338.7 112.1 344.4 136.3 374.7 
Glass Rod 37.9 2295.1 54.2 2277.8 70.3 2283.4 84.9 2259.3 109.1 2258.6 
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Table A7.11: Equivalent K2HPO4 densities; 16-slice Toshiba scanner. 
Phantom Rods 
TH 32 TH 47 TH 62 TH 77 TH 92 
D Eq D Eq D Eq D Eq D Eq 
Rod E 36.0 326.1 28.3 352.0 27.0 360.8 33.1 361.0 43.4 358.8 
Rod D 58.3 160.7 44.7 191.3 31.9 204.8 21.7 214.3 18.7 216.5 
Rod C 58.6 32.4 44.6 65.2 30.8 80.2 18.6 88.7 13.5 92.2 
Rod B 36.4 -123.6 28.6 -90.9 25.4 -76.7 29.3 -62.9 41.3 -56.9 
Rod A 7.2 -166.9 0.5 -132.5 21.3 -103.5 35.3 -90.0 50.9 -86.9 
Glass Rod 34.4 922.3 20.0 929.8 5.4 906.4 10.0 917.6 24.6 904.1 
 
Table A7.12: Equivalent K2HPO4 densities; 16-slice Toshiba scanner. 
Phantom Rods 
TH 107 TH 122 TH 137 TH 152 TH 176 
D Eq D Eq D Eq D Eq D Eq 
Rod E 54.5 353.2 69.3 359.1 84.6 351.9 98.3 367.1 121.8 354.2 
Rod D 25.3 222.1 38.2 220.3 52.9 215.9 66.7 229.2 90.1 233.5 
Rod C 20.0 101.2 34.0 103.7 49.5 104.4 63.5 115.3 87.3 123.0 
Rod B 51.8 -55.3 65.5 -42.1 79.8 -26.7 94.2 -7.2 119.4 1.3 
Rod A 65.7 -73.1 81.3 -59.3 96.8 -34.8 112.1 -24.7 136.3 -9.0 
Glass Rod 37.9 899.6 54.2 880.3 70.3 864.4 84.9 858.2 109.1 834.6 
  
Table A7.13: CT numbers; 4-slice Siemens scanner. 
Phantom Rods 
TH 130 TH 140 TH 150 TH 160 TH 170 
D HU D HU D HU D HU D HU 
Compartment E 103.3 1535.7 111.7 1532.2 120.7 1530.9 128.3 1529.4 137.4 1526.1 
Compartment D 91.3 1395.3 101.2 1393.2 111.3 1393.8 120.5 1393.2 129.8 1388.4 
Compartment C 84.7 1225.6 95.4 1223.1 106.2 1222.4 116.4 1224.2 125.7 1221.5 
Compartment B 85.4 997.3 97.0 996.3 108.7 996.1 117.9 995.8 125.8 996.0 
Compartment A 95.8 954.0 105.7 953.9 117.3 954.6 125.6 954.3 133.7 952.8 
Rod E 73.4 1526.6 63.7 1527.9 54.4 1528.2 46.8 1532.2 40.1 1531.3 
Rod D 42.0 1391.9 33.3 1392.1 25.9 1391.5 21.6 1393.9 22.1 1390.9 
Rod C 37.7 1225.0 27.6 1224.6 18.0 1224.5 11.8 1223.9 11.9 1223.8 
Rod B 70.2 1001.0 59.3 1001.8 48.3 1003.2 41.0 1001.3 33.3 1001.5 
Rod A 86.1 961.1 75.4 960.4 62.6 959.6 55.4 956.9 44.2 959.3 
Glass Rod 58.1 2420.0 47.4 2422.3 36.6 2421.6 28.2 2430.6 17.6 2420.8 
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Table A7.14: Equivalent K2HPO4 densities; 4-slice Siemens scanner. 
Phantom 
Rods 
TH 130 TH 140 TH 150 TH 160 TH 170 
D Eq D Eq D Eq D Eq D Eq 
Rod E 73.4 370.9 63.7 374.5 54.4 375.8 46.8 379.6 40.1 382.1 
Rod D 42.0 271.2 33.3 273.6 25.9 273.8 21.6 276.2 22.1 276.5 
Rod C 37.7 147.7 27.6 149.0 18.0 149.2 11.8 149.0 11.9 151.0 
Rod B 70.2 -18.2 59.3 -16.7 48.3 -15.9 41.0 -17.4 33.3 -16.1 
Rod A 86.1 -47.7 75.4 -47.5 62.6 -48.4 55.4 -50.6 44.2 -47.8 
Glass Rod 58.1 1032.4 47.4 1039.8 36.6 1042.2 28.2 1051.4 17.6 1050.4 
 
Table A7.15: CT numbers; 16-slice Siemens scanner. 
Phantom Rods 
TH 125 TH 129 
D HU D HU 
Compartment E 96.2 1532.7 99.2 1531.9 
Compartment D 88.8 1392.1 92.2 1391.6 
Compartment C 87.6 1222.5 91.2 1222.4 
Compartment B 96.2 995.3 98.2 995.1 
Compartment A 108.5 953.6 111.6 953.4 
Rod E 68.7 1527.7 65.7 1528.3 
Rod D 36.9 1393.3 34.0 1394.2 
Rod C 37.4 1226.1 34.1 1225.6 
Rod B 67.0 1002.3 67.0 1002.8 
Rod A 81.4 959.0 79.0 959.8 
Glass Rod 55.5 2415.4 51.9 2417.0 
 
Table A7.16: Equivalent K2HPO4 densities; 16-slice Siemens scanner. 
Phantom Rods 
TH 125 TH 129 
D Eq D Eq 
Rod E 68.7 374.5 65.7 375.2 
Rod D 36.9 274.7 34.0 275.5 
Rod C 37.4 150.5 34.1 150.2 
Rod B 67.0 -15.8 67.0 -15.3 
Rod A 81.4 -47.9 79.0 -47.3 
Glass Rod 55.5 1034.0 51.9 1035.6 
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Table A7.17: CT numbers; 64-slice Siemens scanner. 
Phantom Rods 
TH 125 TH 145 TH 165 TH 185 TH 205 TH 225 
D HU D HU D HU D HU D HU D HU 
Compartment E 103.8 1498.3 120.2 1489.9 137.4 1480.4 155.2 1471.1 173.8 1462.6 147.6 1461.6 
Compartment D 92.4 1375.0 111.1 1370.4 130.1 1362.7 149.3 1354.6 169.0 1347.3 144.8 1350.1 
Compartment C 86.2 1216.6 106.2 1214.1 126.3 1207.9 146.0 1201.7 166.4 1197.2 142.7 1200.2 
Compartment B 87.9 999.0 108.2 999.3 127.2 996.0 148.4 993.1 167.8 990.2 144.3 994.0 
Compartment A 98.5 960.7 116.9 960.1 133.9 958.0 154.0 955.6 172.5 952.3 147.0 958.3 
Rod E 68.0 1496.8 49.7 1501.9 33.4 1503.9 23.5 1505.3 28.3 1504.7 33.1 1505.8 
Rod D 36.3 1378.6 19.1 1378.3 14.7 1377.6 29.3 1378.5 48.2 1376.9 51.9 1376.2 
Rod C 38.7 1220.0 23.3 1220.2 19.5 1220.2 31.7 1219.3 50.0 1220.3 52.7 1219.8 
Rod B 70.9 1003.5 53.5 1004.3 37.0 1005.5 28.1 1004.2 32.9 1004.7 34.9 1006.5 
Rod A 82.0 963.2 62.0 962.4 42.7 962.1 22.4 961.9 4.9 961.9 13.6 964.3 
Glass Rod 56.1 2378.9 36.0 2383.6 15.9 2386.9 4.7 2389.4 24.8 2386.4 34.0 2371.1 
 
Table A7.18: Equivalent K2HPO4 densities; 64-slice Siemens scanner. 
Phantom Rods 
TH 125 TH 145 TH 165 TH 185 TH 205 TH 225 
D Eq D Eq D Eq D Eq D Eq D Eq 
Rod E 68.0 377.8 49.7 389.1 33.4 399.4 23.5 409.3 28.3 416.8 33.1 418.9 
Rod D 36.3 283.5 19.1 288.9 14.7 295.6 29.3 303.7 48.2 309.2 51.9 308.5 
Rod C 38.7 156.9 23.3 160.8 19.5 166.1 31.7 171.1 50.0 177.2 52.7 175.5 
Rod B 70.9 -16.0 53.5 -14.5 37.0 -10.3 28.1 -7.9 32.9 -4.4 34.9 -6.2 
Rod A 82.0 -48.1 62.0 -48.4 42.7 -45.9 22.4 -43.1 4.9 -40.5 13.6 -42.1 
Glass Rod 56.1 1081.8 36.0 1104.1 15.9 1125.5 4.7 1145.1 24.8 1159.5 34.0 1155.5 
 
          Plots for the CT number and calibrated density versus the distance from the isocenter. 
In order to make all curves fit in the same plot, the mean of the CT numbers for each rod or 
compartment measured at all heights was subtracted from the CT number of the ROI at 
each height. The same normalization was repeated for the calibrated densities. The calibrated 
densities are also multiplied by the slope of the calibration curve for each scanner to scale 
the values and make the range comparable to the uncalibrated CT numbers. 
 
Note:  
Blue: E Red: D                    
Green: C  Black: B                    
Cyan: A Magenta: Glass rod         
„-„: Compartments „-*‟: Rods 
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Figure A7.1: Normalized CT number (HU); 16-slice GE scanner. 
 
Figure A7.2: Normalized density (equivalent K2HPO4); 16-slice GE scanner. 
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Figure A7.3: Normalized CT number (HU); 64-slice GE scanner. 
 
 
Figure A7.4: Normalized density (equivalent K2HPO4); 64-slice GE scanner. 
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Figure A7.5: Normalized CT number (HU); 16-slice Toshiba scanner. 
 
 
Figure A7.6: Normalized density (equivalent K2HPO4); 16-slice Toshiba scanner. 
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Figure A7.7: Normalized CT number (HU); 4-slice Siemens scanner. 
 
 
Figure A7.8: Normalized density (equivalent K2HPO4); 4-slice Siemens scanner. 
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Figure A7.9: Normalized CT number (HU); 16-slice Siemens scanner. 
 
 
Figure A7.10: Normalized density (equivalent K2HPO4); 16-slice Siemens scanner. 
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Figure A7.11: Normalized CT number (HU); 64-slice Siemens scanner. 
 
          
Figure A7.12: Normalized density (equivalent K2HPO4); 64-slice Siemens scanner. 
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APPENDIX A8 
Computer Simulation of Table Height 
Computer simulation of table height influence on image values. Differences of the 
attenuation values of the compartments and rods, measured at different table heights, were 
calculated relative to their distance from the isocenter. The table height is defined with 
respect to the distance of the central rod to the center of reconstruction (COR). For each 
table height specified, the distances of each of the 11 ROIs from the COR were calculated, 
and the corresponding average attenuation coefficients were obtained. 
Note: 
D   :  Distance of the center of the ROI from the center of the circle of reconstruction  
         (COR) (mm) 
TH: Table height expressed as distance of each ROI in mm from the COR 
 
Table A8.1: Attenuation values for the phantom setup cross-section at the different distances 
from the COR for the case where the bow-tie filter is absent. Att Coeff.: Attenuation 
coefficient. 
Phantom Rods 
TH (all) 
D 
Att 
Coeff. 
Compartment E 47.7 0.47 
Compartment D 34.4 0.39 
Compartment C 30.0 0.33 
Compartment B 34.4 0.23 
Compartment A 47.7 0.23 
Rod E 15.0 0.47 
Rod D 14.9 0.39 
Rod C 15.0 0.33 
Rod B 15.0 0.23 
Rod A 14.9 0.22 
Glass Rod 0.0 0.60 
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Table A8.2: Attenuation values for the phantom setup cross-section at the different heights from the COR 
for the case where the bow-tie filter is present. Att Coeff.: Attenuation coefficient. 
Phantom Rods 
TH 0 TH 10 TH 20 TH 30 TH 40 TH 50 
D 
Att 
Coeff. 
D 
Att 
Coeff. 
D 
Att 
Coeff. 
D 
Att 
Coeff. 
D 
Att 
Coeff. 
D 
Att 
Coeff. 
Compartment E 47.70 0.51 43.10 0.52 40.40 0.53 40.20 0.54 42.40 0.54 46.60 0.53 
Compartment D 34.40 0.44 26.90 0.46 21.50 0.49 20.10 0.49 23.30 0.48 29.70 0.47 
Compartment C 30.00 0.34 20.00 0.36 10.00 0.38 0.00 0.43 10.00 0.42 20.00 0.39 
Compartment B 34.40 0.23 26.90 0.24 21.50 0.25 20.10 0.25 23.30 0.25 29.70 0.25 
Compartment A 47.70 0.23 43.10 0.23 40.40 0.23 40.20 0.24 42.40 0.23 46.60 0.23 
Rod E 15.00 0.63 25.00 0.59 35.00 0.55 45.00 0.53 55.00 0.52 65.00 0.51 
Rod D 14.90 0.49 20.50 0.48 28.70 0.46 37.70 0.44 47.10 0.43 56.80 0.42 
Rod C 15.00 0.36 9.20 0.36 12.00 0.38 20.10 0.37 29.40 0.37 39.10 0.35 
Rod B 15.00 0.26 9.20 0.26 12.00 0.26 20.10 0.25 29.40 0.25 39.10 0.24 
Rod A 14.90 0.25 20.50 0.24 28.70 0.23 37.70 0.23 47.10 0.23 56.80 0.22 
Glass Rod 0.00 1.09 10.00 0.85 20.00 0.78 30.00 0.74 40.00 0.71 50.00 0.68 
 
Table A8.3: Attenuation values for the phantom setup cross-section at the different heights from 
the COR for the case where the bow-tie filter is present. Att Coeff.: Attenuation coefficient. 
Phantom Rods 
TH -10 TH -20 TH -30 TH -40 TH -50 
D 
Att 
Coeff. 
D 
Att 
Coeff. 
D 
Att 
Coeff. 
D 
Att 
Coeff. 
D 
Att 
Coeff. 
Compartment E 53.80 0.51 61.00 0.50 68.80 0.49 77.20 0.48 85.90 0.48 
Compartment D 42.90 0.43 52.00 0.42 61.40 0.41 70.90 0.41 80.50 0.41 
Compartment C 40.00 0.34 50.00 0.33 60.00 0.33 70.00 0.33 80.00 0.33 
Compartment B 42.90 0.23 52.00 0.23 61.40 0.23 70.90 0.23 80.50 0.23 
Compartment A 53.80 0.23 61.00 0.22 68.80 0.23 77.20 0.22 85.90 0.22 
Rod E 5.00 0.72 5.00 0.72 15.00 0.64 25.00 0.60 35.00 0.57 
Rod D 14.90 0.49 20.50 0.47 28.70 0.46 37.70 0.45 47.10 0.43 
Rod C 23.80 0.36 33.20 0.35 43.00 0.34 52.80 0.34 62.60 0.33 
Rod B 23.80 0.26 33.20 0.24 43.00 0.24 52.80 0.24 62.60 0.23 
Rod A 14.90 0.25 20.50 0.24 28.70 0.23 37.70 0.23 47.10 0.23 
Glass Rod 10.00 0.82 20.00 0.75 30.00 0.72 40.00 0.70 50.00 0.68 
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